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ABSTRACT 
This work re-examines samples of modern microbialites collected in the 1980s from 
Lakes Clifton and Preston, two of the Yalgorup Lakes in southwest Western Australia.  
Lake Clifton contains the first convincing modern examples of thrombolites to have 
been recognized.  It was known that aragonite mineralisation took place in these 
structures within near-surface biofilms. New research reveals that stevensite, a Mg-rich 
trioctahedral smectite, is the principal primary phase that establishes the initial 
structural rigidity of Lake Clifton thrombolites.  Aragonite microcrystals then grow 
within the stevensite matrix.  In adjacent Lake Preston, lithified, centimetre-scale, 
coniform structures occur that are similar to pinnacle-like microbial mats that grow 
intermittently in a small pond adjacent to the lake.  Microstructures within the lithified 
cones confirm their microbial origin, but they have undergone four phases of 
mineralization; an amorphous Mg silicate phase (of smectite-like composition); some 
areas of Mg silicate were then partially transformed into authigenic serpentine 
(chrysotile and/or lizardite); aggregates of aragonite microcrystals then overprinted 
much of the fabric; and finally high-magnesium calcite grew as void fills and rims, as 
well as overprinting some of the remaining areas of the Mg silicate phase.  It is 
concluded that syngenetic and early diagenetic carbonate mineralisation of microbialites 
may effectively obscure all traces of the original microbial communities, leaving only 
faint evidence for their organo-sedimentary origin.  Secondary carbonate mineralisation 
of microbialites may thus eliminate the evidence of primary organomineralisation.  
Many published examples of apparently abiogenic but microbialite-like carbonates 
should be re-examined for traces of early silicate mineralisation. The discovery of 
microbial permineralisation of modern microbialites by Mg silicates in Lakes Clifton 
and Preston raises the possibility that phyllosilicates could have contributed to the early 
structural rigidity of some Proterozoic Stromatolites such as Conophyton.  Re-
examination of the literature on Conophyton tends supports this hypothesis.  Finally, the 
significance of this research is considered in relation to ; clarifying the role of Mg 
silicates in microbialite organomineralisation; examining the evidence that apparently 
abiotic crystalline carbonate may be of secondary origin; understanding the nature of 
the supposed “microbialites” in Cretaceous pre-salt sequences of the proto-Atlantic rift; 
assessing the continuing relevance of the “microbialite” concept; and clarifying 
evidence for the recognition of the earliest signs of life on Earth. 
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Frontispiece  Oblique aerial view of the thrombolite reef at Mt John, northeast 
Lake Clifton (see Figure 3.4a).  Note the shallow spring fed pools on the landward 
edge, the stranded coalesced large microatoll microbialtes of the reef top, the 
isolated domical thrombolites behind the reef edge and the submerged scattered 
domical thrombolites of the reef slope.  The boardwalk was constructed to provide 
public access to view these features that have become internationally (though 
mistakenly) famed as “living fossils” [reproduced with modification from Miller et al. 
(2011), image courtesy of Birdseye View Photography 09.05.11]
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Chapter 1    INTRODUCTION 
 
1.1 – Scope of the thesis 
The term “Microbialite“ (Burne and Moore, 1987) established a conceptual basis 
for the rapidly increasing research interest in processes of microbial 
organomineralisation and the nature of the various organosedimentary structures thus 
produced. The examples given in this paper were restricted to calcareous microbialites, 
though it was noted that many microbialites are formed by non-calcareous minerals.  
Magnesium silicates have become increasingly recognized as an important 
mineralogical component of some modern microbialites (Bontognali et al., 2014).   
Examples have been described from Mono Lake, California  (Souza-Egipsy et al., 
2005), Satonda Crater Lake, Indonesia (Arp et al., 2003), basaltic caves at Kauai, 
Hawaii (Léveillé et al., 2000a, 2000b, 2002). Lake Clifton, Western Australia (Pache-
Caselmann, 2005; Wacey et al., 2010; Burne et al., 2014a), Lake Preston, Western 
Australia (Burne et al., 2014b), Lake Van, Turkey (Reimer et al., 2009), Bolivian saline 
lakes (Badaut and Risacher, 1983), Great Salt Lake, Utah (Pace et al., 2015), the 
sabkhas of Abu Dhabi (Bontognali et al., 2010), the crater lakes of Niuafo’ou, Tonga 
(Kremer et al., 2012) and the Mexican crater lakes Quechulac, La Preciosa and Atexcac 
(Zeyen et al., 2015).  It is therefore timely to consider the significance of magnesium 
silicate minerals in the organomineralisation of microbialites and their relationship to 
phototrophy, heterotrophy and/or non-metabolic processes driven by the presence of 
organic matter (Dupraz et al. 2009). Of particular interest are saprogenic processes (i.e. 
those caused or produced by putrefaction or decay) in the formation of the magnesium 
silicate phase as a result of the mineralizing properties of organic matrices and 
compounds inherited from living organisms, for example through chelation (Trichet and 
Défarge 1995, Défarge 2011). This study examines modern examples from Lake Clifton 
and Lake Preston, two of the Yalgorup Lakes of south-western Western Australia 
(Figure 1.1). The implications of these findings for the interpretation of ancient 
microbialites is then considered, particularly their significance for understanding the 
ancient, enigmatic stromatolite form, Conophyton (Maslov, 1937; Kah et al., 2012). 
 
1.2 - What is a microbialite? 
Microbiology first began to develop as an independent discipline with the 
research of Pasteur in the mid nineteenth century. However many of what are now 
regarded as the basic concepts of the subject did not become established until the 1970s 
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(Madigan et al., 1997). The evolution of the science of microbiology has been 
accompanied by an increasing awareness of the importance of microbial influences on 
sedimentary processes.   This led to the emergence of biogeology as a scientific sub-  
	  	  	  
a                                                                            b 
 
 
 
Figure 1.1  (a) Location of Lake Preston and Lake Clifton relative to Quaternary 
stratigraphic units.  (b)  Enlargement of outlined area of (a) showing location 
(arrowed) of pond informally known as “Pamelup Pond” adjacent to Lake Preston. 
Modified from Moore (1992). 
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discipline of environmental microbial ecology that considers processes leading to 
mineralisation, lithogenesis or bioerosion.  For many years, the dominant organisms 
involved in these processes were considered to be blue-green algae, and rocks produced 
under microbial influence were grouped with limestones produced by processes 
involving macro-algae and termed “algal-limestones”. By the 1960s, it had become 
increasingly common to describe rocks formed under microbial influence as 
“stromatolites”.   The realization that blue-green algae were not algae but protists 
(Stanier, 1977; 1982), more appropriately termed cyanobacteria, together with an 
expanding interest in microbial ecology and the understanding of the diverse metabolic 
functionality of other bacteria, soon rendered these lithological terms inadequate to 
underpin the emerging science of biogeology. Nevertheless, because of their widespread 
use in the literature, it is necessary at this point to briefly clarify the scientific basis and 
limitations limitations of the terms “stromatolite” and “algal limestone”. 
 
1.2.1 Stromatolite 
A. G. Vologdin, an eminent Soviet palaeontologist, attributed the discovery of 
stromatolites to Пётр Алекса́ндрович Чихачёв (Pyotr 
Aleksandrovich Chikhachov, the family name variously transcribed as “Chikhachyov”, 
“Chikhachev”, “Chihachev”, “Tchihatchev” or “Tchihatcheff”) in his publication, 
Voyage scientifique dans l'Altaï oriental et les parties adjacentes de la frontière de 
Chine: fait par ordre de S. M. l'empereur de Russie, Parties 1 à 2 (Tchihatcheff 1845).  
However, the first true attempt to interpret the biological significance of features that 
later came to be called stromatolites was made by the New York State palaeontologist, 
James Hall (1883), who studied Cambrian limestones at Ritchie Park, near Saratoga 
Springs. He did not understand how they had formed, but nevertheless described 
concentric structures that laymen had described as “fossil cabbages” as an “unknown 
life form” to which he assigned a formal name Cryptozoon proliferum.   
It was Kalkowsky (1908) who proposed the name Stromatolite (“Stromatolith” 
in German).  Kalkowsky had been a student of Hermann Credner (Jacobs et a., 2013), 
author of the then standard German geological textbook (Meyer, 1897) and of 
Ferdinand Zirkel, pioneer of petrology (Zirkel, 1866) who had studied petrological 
microscopy with Henry Clifton Sorby.  Kalkowsky commenced his study of 
stromatolites while at the University of Jena, where his colleagues included; Ernst 
Haeckel, a pioneer of evolutionary theory who introduced the term Ecology to science, 
(“Oecologie”, see page 286 in Haeckel, 1866) and considered the possibility that 
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spherulites were clues to the origin of life (Breidbach, 2006); and Johannes Walther 
(Seibold, 1992), who acknowledges Kalkowsky’s assistance and advice in the 
preparation of his 3 volume work “Introduction to Geology as a Historical Science”  
(Walther, 1893-1894), in which he formulated his celebrated Law of Facies (Op.cit., 
page 993).  It is clear that Kalkowsky, an excellent field geologist, skilled in the use of 
the petrographic microscope, aware of the theory of evolution, familiar with the ideas of 
comparative sedimentology (e.g. Kalkowsky, 1901), and sensitive to the concepts of 
ecology,, was singularly well equipped to undertake the pioneering research that led to 
his classic paper on Triassic oolites and stromatolites.  He coined the term 
“Stromatolite” (“Stromatolith” in German) to describe “carbonate masses that have a 
fine, more or less even-layered structure as opposed to the concentric structure of the 
oolite.”  He considered both stromatolites and oolites to be “phytogenic, i.e. produced 
by the life activity of lower plants” and it is clear from Kalkowsky’s obituary (Rinmann, 
1940, page 83) that  he considered these “lower plants” to be bacteria or algae.   The 
term “Stromatolite” was first used to identify “Limestones, having a particular 
structure and construction, which occur associated with the ‘Rogensteine’ in the North 
German Buntsandstein” (Figures 1.2; 1.3).  For example “Near Wolfenbüttel there is a 
specific variety of ‘Rogensteine’, whose grains have intergrown to form foot-size 
spheres and clods that are distinctly different from the other stone formation”, while 
“near Winnrode however a variety of concentric bowl-shaped precipitates is found and 
these are known as ‘Napfstein’ (basin-stones), which are used domestically as bowls in 
different sizes up to several feet diameter”.  Kalkowsky explains “I only became aware 
of "Napfsteinen" on 16. September 1893, when the teacher Ludwig Knoop showed me a 
stromatolite from Börssum”.  This specimen, still preserved in the Senkenberg Natural 
History Collections, Dresden, is illustrated in Figure 1.2.  Kalkowsky observed “These 
remarkable limestone masses have disappeared completely from the contemporary 
German geological literature after having been mentioned only briefly in former times 
and without their nature being exactly recognized”.  “The only recent reference to the 
now named ‘Stromatolite’ masses is found in the publication of C.F. Naumann 1862, 
2nd edition of his Lehrbuch der Geognosie, Vol II, Page 741”.
The “brief mentions in former times” include the following three records:  
(i) Brückmann was perhaps the first to record stromatolites. In a footnote added 
in the 1728 edition of his treatise On the Natural History of Oolites (originally 
published in 1721), he wrote “Between Hamersleben in the Duchy of  
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Figure 1.2 Surface of the original stromatolite brought to Kalkowsky by Ludwig 
Knoop on 16th September 1893 and illustrated in Kalkowsky (1908, Figure XI)  
a. top surface, b. cut side (note columnar structure), c.  lower surface (note cut 
surface and concentric structure). Specimen preserved in the Senckenberg Natural 
History Collections Dresden, Inv MMG: PB NsTr2.  Scales in centimetres.  
 
	   6	  
	  	  	  
 
Figure 1.3 Stromatolite within an oolitic limestone, Buntsandstein, Heeseberg, 
Germany. 	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Halberstadt and Helmstedt, we find a quarry at an old tower near the  
the road, where much Rogenstein is present; among them were the most 
beautiful dendrites; which are not mentioned by any authors.”  (Brückmann, 
1721, 1728; Burne et al., 2012).   
(ii) Hausmann (1805), professor of geology and soil science at the University of 
Göttingen, mentioned “stem limestones” from the Zechstein Limestone at the 
western margin of the Harz Mts. The term “stem limestone” derived from the 
upright position of about 10 cm high columnar stromatolites growing in a 
particular horizon.   
(iii) Freiesleben (1809) described in detail structures east of the Harz Mountains, 
between Mansfeld and Eisleben, which were later named stromatolites. He is 
better known for providing the original description of the mineral “calcite” 
(Freiesleben, 1836). 
 
Kalkowsky’s interpretations were clearly ahead of their time and were 
immediately challenged (Reis, 1908) and largely ignored until Soviet geologists 
employed his concepts to assist geological correlation of otherwise unfossiliferous strata 
in Siberia.  They found that various characteristic forms of stromatolite were of 
stratigraphic value, and proposed, following the precedent of Hall (1883), that they be 
classified using a quasi-Linnaean binomial system of nomenclature (e.g. Maslov, 1937, 
1938; Vologdin, 1962; Komar et al., 1965a, 1965b; Cloud and Semikhatov, 1969). 
However, they were unable to agree on a uniform system, some workers regarding them 
as plants (e.g. Vologdin 1955, 1962), some as accumulations of micro-organisms and 
sediment (e.g. Maslov, 1938), and some basing their analysis on morphometric patterns 
without specific reference to their origin (e.g. Komar et al., 1965).  Geologists 
encountered increasing difficulty in applying the Linnean binomial system appropriate 
for biological taxonomy to classify and name features that are essentially of hybrid 
organosedimentary origin.  Some scientists chose to ignore their biological character, 
and opted instead to describe them as sedimentary structures (Cloud, 1942; Logan, 
1961; Semikhatov et al., 1979). With the suitability of Linnean nomenclature for 
stromatolites becoming increasingly questioned, Logan et al. (1964) proposed an 
alternative approach to the classification of stromatolites based on their geometric form. 
This limited morphological classification, which recognized only three main growth 
forms, was too schematic to be of great help (Bertrand-Sarfati and Monty,1994), and 
gained only a limited and temporary acceptance (e.g., Von der Borch et al., 1977). 
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Suggestions for a more rigorous scheme for standardizing the description of 
stromatolites by improving and standardizing stromatolite morphometry through the use 
of image analysis and methods of quantitative description have been proposed (e.g. 
Hofmann, 1976, 1994), but have yet to be extensively adopted. 
An illustration of the dilemma that faces stromatolite workers is provided 
by research on the late Proterozoic Bitter Springs Formation of Central Australia. 
At Glaessner’s suggestion (Glaessner, 1972), Walter (1972) applied principles of 
taxonomic description and nomenclature, devised in Moscow, to identify and describe  
nine distinctive stromatolites from the Bitter Springs Formation. Later, 
Southgate (1989) undertook a sedimentological facies analysis of the same succession, 
in which he neither utilized Walter’s stromatolite taxonomy nor cross-referenced his 
stromatolite descriptions to the forms Walter had described in detail.  It is now 
appreciated that the morphologies and structures of Precambrian Stromatolites are the 
result of the interactions between microbial communities and their immediate 
environment translating energy into morphology, and that the characteristic growth 
forms used to name and classify Stromatolites can be modelled using the principles of 
statistical physics (Batchelor at el. 2000, 2003; Dupraz et al. 2006; Verrecchia et al. 
2004). 
It was not possible to begin to truly understand the origins of stromatolites until 
1954, when the first convincing modern examples were recognized.   Richard Chase 
realised that the “algal heads” growing around the margins of Hamelin Pool were in fact 
stromatolites (DEPWA, 1975; Chase, pers. comm., 2013; Hoffman, 2015). Initially they 
were thought to grow only in intertidal settings (Logan, 1961).  Submerged 
stromatolites were first discovered by Ken Sylvester and J. Fred Read in the mid 1960’s 
offshore of Carbla Point (Read, pers.comm., 2016). In August 1968, Paul Hoffman and, 
independently, Tony Cockbain and Philip Playford simultaneously made scientific 
studies of stromatolites growing on the submerged platform of Hamelin Pool down to a 
depth of 3 metres or so (Hoffman, 2015).   
 Detailed studies have since been made of the nature of the Hamelin Pool 
stromatolites and their environmental and ecological significance (e.g. Burne, 1991; 
Jahnert and Collins, 2012; Burne and Johnson, 2012). Comparisons between 
Hamelin Pool and the depositional environments of the Triassic stromatolite and 
ooid-bearing limestones described by Kalkowsky (Figure 1.4) reveal a number of 
interesting parallels, particularly in the association of oolitic sediments and 
stromatolites (Paul et al., 2011).  
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 The discovery of modern stromatolites increased an awareness of  processes of 
microbial organomineralisation and the complex fabrics and growth forms of the 
organosedimentary structures that they can produce. Walter (1976a) edited a work 
that attempted to synthesize these developments, but rather than appreciating that 
this complexity extended well beyond the ooids and stromatolites described by 
Kalkowsky in 1908, Walter (1976b) mistakenly suggested  that Kalkowsky’s 
original definition of “stromatolite”  “is now of historical interest only”.  He turned 
away from Kalkowsky’s clear definition and instead adopted an unpublished re-
definition of “stromatolite” (reproduced below) by Awramik and Margulis (1974), 
which, remarkably, abandoned the definitive significance of the lamination that had 
originally inspired Kalkowsky (1908) to propose the term. 
 
Stromatolites are organosedimentary structures produced by sediment trapping 
and binding and/or precipitation as a result of the growth and metabolic activity 
of microorganisms, principally cyanophytes. (Awramik and Margulis, 1974).  
 
After digesting the contents of the first comprehensive publication on all aspects of   
stromatolite research (Walter 1976a) a committee of M. Semikhatov, C. Gebelin, 
P.Cloud and W. Benmore  (in Semikhatov et al., 1979) felt it necessary to restore the 
definitive role of lamination to the meaning of the word “Stromatolite”, although it is 
important to note that this was not supported by their co-author, Awramik:  
 
[A stromatolite is] an attached, laminated, lithified, sedimentary growth structure, 
accretionary away from a point or limited surface of initiation. Although 
characteristically of microbial origin and calcareous composition, it may be of 
any origin, composition, shape, size, or age. growth structure.”(Semikhatov et al., 
1979). 
 
Grotzinger and Knoll (1999) and Bosak et al. (2013) are among the few who still accept 
this as a general definition, though they omit its second sentence.  Grotzinger and Knoll 
(1999) maintain this definition “makes it possible to evaluate objectively the various 
processes that may influence stromatolite development”. However, if the unjustified 
proposal that it is essential that a stromatolite be attached is rejected, all that remains is 
a definition of a stromatolite as “a laminated, lithified, sedimentary growth structure, 
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accretionary away from a point or limited surface of initiation“. This does little more 
than validate the definitive observations of Kalkowsky (1908). 
 
1.2.2 Algal limestones 
Aitken (1967) observed that the designation of a carbonate rock as "algal" is not 
informative unless the fundamental distinction is made between carbonates composed 
wholly or partly of the remains of skeletal calcareous algae, and what he termed 
“cryptalgal biolithites”, in which the work of non-calcareous algae (most of which 
would now be termed benthic microbial communities) is largely inferred. Aitken made 
the important observation that “Some cryptalgal biolithites are not assignable to any of 
the established types of stromatolite. The adjective cryptalgalaminate is proposed for 
planar-laminated carbonate rocks bearing evidence of algal-mat activity, and the term 
thrombolite is proposed for non-laminated cryptalgal bodies characterized by a clotted 
fabric”.  
 
1.2.3 The thrombolites of Lake Clifton  
According to Weldon (2011) (and reported in Yeoman 2014), the Bindjareb 
Noongar people had known of the thrombolites of Lake Clifton since ancient times and 
referred to them as woggaal noorook: eggs that the rainbow serpent laid on her way 
south. Saint-Smith (1913) was the first scientist to notice these carbonate masses when 
he undertook an assessment of the calcium carbonate resources of Lake Clifton in 1912.  
Linda Moore mentioned the Lake Clifton  “stromatolites” in her Graduate 
Diploma Thesis in Natural Resources, completed at the West Australian Institute of 
Technology (now Curtin University) in 1979, with the title “Classification and 
abundance of the littoral fauna of Lake Clifton and possible effects of seasonal changes 
on species diversity and distribution” (Moore, 1979). This work came to the attention of 
the eminent microbiologist, Professor Neville Stanley (who had inherited an interest in 
the environment from his father whose had been a pioneering geologist in New Guinea).  
Professor Stanley had become interested in the “stromatolites” that occurred abundantly 
in the shallow waters adjacent to his property on the shore of Lake Clifton. In 1982 he 
invited Linda to join the Department of Microbiology at the University of Western 
Australia as a research assistant and doctoral student (Figure 1.5).  In 1983 they 
published (together with Brenton Knott) an overview paper on the ecological setting of 
the “stromatolites” of Lake Clifton (Moore et al.,1983). In this paper they noted the 
“subtle and complex interactions (between the stromatolites and) the aquifer, nutrients,  
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Figure 1.4  Photomontage combining at approximately the same scale. 
(a) stromatolites in oolitic limestone, Buntsandstein, Heeseberg, Germany and 
(b)  stromatolites growing in ooid sands, Hamelin Pool, Australia. Tadeusz Peryt 
(originally he was only in the upper image) for scale. 	  
 
 
Figure 1.5  Professor Neville Stanley and Linda Moore examining a thrombolite 
from Lake Clifton in 1983. (Photographer unknown). 
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flora, fauna, and other physical/environmental factors present excellent opportunities 
for a multidisciplinary approach.  This is required for an adequate understanding of a 
fragile and fascinating ecology of the interdunal lakes comprising the Clifton-Preston 
complex – one that could be destroyed and/or markedly changed by Human 
Intervention”. 
 
1.2.4  The “Microbialite Concept” 
 Linda Moore visited Shark Bay in 1984 to examine the stromatolites of 
Hamelin Pool.  At that time, I was at Hamelin Pool undertaking research with 
colleagues from the Baas Becking Geobiological Laboratory. Linda and I had intense 
discussions about the status of stromatolite research and nomenclature that were 
inspired by the obvious differences between the laminated stromatolites typically found 
in Hamelin Pool, and the clotted, thrombolitic structures of both the structures found in 
Lake Clifton samples as well as some of the Hamelin Pool examples. I subsequently 
visited Lake Clifton with her and this led to research collaboration documented in Burne 
and Moore (1993) and Moore and Burne (1994) that confirmed the validity and utility 
of both Kalkowsky’s (1908) term “stromatolite” and Aitken’s (1967) term 
“thrombolite”. Awramik and Margulis, in their attempt to redefine the term 
“stromatolite,” had actually documented processes that would account for a class of 
organosedimentary structures that would include both thrombolites and stromatolites. 
Essentially, this is what Aitken (1967) had implied when he coined the term “cryptalgal 
structures”.  This term had become obsolete, since algae were no longer regarded as the 
principal components of benthic microbial mats, and so the term “Microbialite” was 
coined to replace it (Burne and Moore, 1987).  
 
Microbialites are organosedimentary deposits that have accreted as a result of a 
benthic microbial community trapping and binding detrital sediment and/or 
forming the locus of mineral precipitation (Burne and Moore. 1987). 
 
Clearly, the definition of Burne and Moore was influenced by that of Awramik and 
Margulis (1974), but it differs in two important features: (i)  no reference is made to 
precipitation as a result of growth and metabolic activity of microorganisms, but 
merely say that a benthic microbial community forms the locus of mineral precipitation, 
and (ii) reference is made to a benthic microbial community, rather than micro-
organisms, principally cyanophytes.  Riding (1991) missed these important distinctions 
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when he claimed that the two definitions are virtually the same. Burne and Moore 
(1987) suggested microbialites might be formed from either one or a permutation of 
three possible processes: trapping and binding of detrital sediment, inorganic 
mineralisation, and biologically influenced mineralisation. Importantly, it was noted 
that once formed, a microbialite might become the locus of passive mineralisation 
through diagenetic alteration and cementation.  These processes could completely 
obscure the original structure of the microbialite and eliminate all traces of the original 
microbes.  The terms “Stromatolite” and “Thrombolite” in this usage refer respectively 
to microbialites with laminated or clotted fabrics. It was not only Riding (1991) who 
overlooked the significance of these changes. Noffke and Awramik (2013) actually 
incorporated the term "microbialite” into their incorrect quotation of the definition that 
had been proposed by Awramik and Margulis in 1974:  
 
Stromatolites are defined as laminated microbialites produced by sediment 
trapping, binding, and/or precipitation as a result of the growth and metabolic 
activity of microorganisms, principally cyanobacteria (Awramik and Margulis, 
1974). (Noffke and Awramik, 2013). 
 
Noffke and Awramik (2013) erroneously stated that “Stromatolite …. combines 
the Latin stroma, meaning layer or bed, and the Greek lithos, meaning rock”. In fact 
stroma is not from the Latin, but rather comes from the Greek στρώμα  which 
may be translated as “layer”, “overlay”, or “bed”.  Riding (1991) introduced further 
confusion by mistakenly proposing an amendment to the term microbialite that replaced 
“the adjectival prefix ‘microbial’ by the noun-based prefix ‘microbo-‘ to conform with 
similar established usage, as in stromatolite and thrombolite”.  Riding is of course 
referring to a stem or root rather than a prefix.  Pratt (1993) very soon pointed out that 
Riding’s amendment was itself grammatically incorrect, and that the appropriate name 
to reflect Riding’s logic would be Microbiolite.  Remarkably, these spurious terms 
gained some currency and began to appear in the literature (e.g. Leinfelder and Schmid, 
2000; Day, 2014).. It was therefore necessary to formally point out the fallacy of 
Riding’s (and Pratt’s) use of a noun stem rather than an adjectival stem  (Burne and 
Moore 1993).  Riding’s (and Pratt’s) proposed modifications would actually only be 
appropriate to describe a rock actually composed of the remains of microbes, for 
example a diatomite.   
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The original paper that introduced the term “Microbialite”  (Burne and Moore, 
1987) received the SEPM award for “Best Paper in Palaios for the Year 1987”, with the 
citation that “It established a new paradigm for Geobiology”. The microbialite concept 
has been discussed for more than a quarter of a century. Amendments and re-definitions 
have been attempted (e.g. Riding, 1991, 2011; Dupraz et al., 2011) but the concept 
remains valid, as evidenced by the fact that some of the largest petroleum 
accumulations to have been discovered in the Twenty-First Century are contained 
within reservoirs that are widely considered to consist largely of accumulations of 
microbialites (Carminatti et al., 2008). In this thesis the original concept is extended to 
consider magnesium silicates in the mineralisation of microbialites, often as a precursor 
to later mineralisation by a carbonate phase, in Lake Clifton and Lake Preston. The 
significance of the findings of these studies of the Yalgorup Lakes is then  applied to the 
long-standing quest for an understanding of the genesis of the enigmatic ancient 
stromatolite form, Conophyton.  In conclusion consideration is given to the relationship 
between Mg silicate organomineralisation and the biological processes of benthic 
microbial communities; evidence for apparently abiotic crystalline carbonate being of 
secondary origin; implications for the understanding of the supposed “microbialites” in 
Cretaceous pre-salt sequences of the proto-Atlantic rift; the continuing relevance of the 
“microbialite” concept; and the possible implications of this thesis for clarifying the 
evidence for the earliest remains of life. 
 Note that in this thesis the term “microbialite” follows the definition of Burne 
and Moore (1987), and two types of microbialite most frequently referred to are 
“stromatolite” as defined by Kalkowsky (1908) and “thrombolite” as proposed by 
Aitken (1967). 
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Chapter 2   PROJECT DESIGN, SAMPLING AND ANALYSIS 
 
2.1  Project design 
  In Chapter 1, it was noted that the science of microbiology, though dating back 
to the work of Pasteur, has developed exponentially in recent years.  These 
developments have had a dramatic impact on the scope and opportunities for studying 
microbialites.  For the first half of the twentieth century, microbialite studies were either 
undertaken from the point of view of palaeontology, petrology, biology or geological 
mapping.  The shift toward a sedimentological approach for microbialite research 
resulted unexpectedly from an approach by Kalervo Rankama (who had recently 
published a volume on the Precambrian with Elsevier) to Martin Glaessner on behalf of 
the publishing house Elsevier, suggesting Glaessner prepare a volume on stromatolites 
for the pioneering Elsevier series “Developments in Sedimentology”.  Glaessner, who 
had in the 1930s been a Moscow colleague of that pioneer of the systematic study of 
stromatolites, V.P. Maslov, decided to delegate the important but onerous task to his 
former research student Malcolm Walter.  The resulting book, “Stromatolites” (Walter, 
1976a), synthesized progress across various fields of stromatolite research to that date 
and represents a truly remarkable editorial achievement.  One significant shortcoming in 
the coverage of contemporary stromatolite knowledge was the decision of Brian Logan 
not to contribute a chapter on his important research on the stromatolites of Hamelin 
Pool.  In keeping with the times, the volume contains very few attempts at 
multidisciplinary study, although the included papers span a wide range of disciplines. 
It is therefore unfortunate that Walter declared in the third sentence of the book that the 
pioneering work of Kalkowsky (1908) was “now of historical interest only”. It is now 
clear (with the benefit the hindsight) that the work was seriously flawed at the outset by 
not giving due attention to the definitive paper that had provided the title for the 
Elsevier volume.   
Until recently, the study of stromatolites and other microbialites has lacked the 
necessary scientific framework for the multidisciplinary enquiry necessary to come to 
terms with their biology, morphogenesis, mineralisation and ecological function. Riding 
(1999) regarded them as “simultaneously fossils and sediments”. Scientists attempting 
to come to grips with the topic have become confused and have resorted to titles with 
despairing phrases such as “morphogenesis – progress and problems” (Semikhatov et 
al., 1979); “the challenge of a term in space and time” (Krumbein, 1983);  “vices and 
virtues” (Ginsburg, 1991); “biogenicity, biosignatures, and bioconfusion” (Awramik 
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and Grey, 2005); “evolutionary mileposts or environmental dipsticks?” (Grotzinger and 
Knoll, 1999); “differences between relatives” (Noffke and Awramik, 2013); “is the 
present really the key to the past?” (Myshrall et al., 2014); and even “Stromatolites: 
why do we care?” (Ignaccolo et al. 2004)..  
The late twentieth century produced a revolution in microbiology based on 
genetics and the emergence of new techniques for microanalysis.  For example the 
review papers by Wong et al. (2016) and Burns and Visscher (2012) illustrate the 
impact of the emergence of genomic, proteomic, microbiological, and analytical 
chemical tools in the study of molecular ecology of microbial mats and the functional 
complexity of benthic microbial communities. The research described in this thesis 
clearly required a multidisciplinary awareness to ensure that appropriate specialized 
techniques could be applied to the question of magnesium silicate organomineralisation 
of modern microbialites.   This chapter describes the methods of sample collection, 
preparation and analysis that have been employed and proved to be integral to the 
success of this study 
 
2.2  Sample collection and preparation 
 Inspired by the techniques pioneered in sedimentological studies of modern 
environments of Florida (Gebelein, 1977; Hoffman, 2004), the Bahamas (Ginsburg and 
Lowenstam, 1958) and Au Dhabi (Kendall, 1968; Evans et al., 1969) and Jamaica (Cant, 
1973), I introduced techniques of comparative sedimentology and facies analysis to 
geobiological studies of modern environments in the Baas Becking Geobiological 
Laboratory’s research project in Spencer Gulf (Bauld et al., 1980).  The project 
employed a similar approach to establish a framework for the sedimentological aspects 
of Linda Moore’s doctoral research project at Lake Clifton. This collaborative work 
distinguished the variety of depositional environments and collected samples from them 
along precisely surveyed transects between 1984 and 1990. A reconnaissance survey 
was also made of Lake Preston.  Underwater samples were collected using S.C.U.B.A.  
Linda Moore and Robert Hilliard collected mat samples from Pamelup Pond in 1992. 
Samples were taken from the lake floor, and from sheets of mat that had lifted from the 
floor and were floating on the pond surface and it became clear that the pinnacle 
structures were a natural growth form of the submerged benthic mat.    
Selected Lake Clifton samples were vacuum impregnated with epoxy resin using 
the method of Tratt and Burne (1982), then slabbed and polished by Malcolm Tratt and 
Gary Bickford in the Baas Becking Geobiological Laboratory. Discs of 25 mm diameter 
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were drilled from slabs and polished by Shane Paxton and petrographic thin sections 30 
µm in thickness were made by John Vickers at the Research School of Earth Sciences 
(RSES), ANU.  Polished sections and discs were carbon-coated for backscattered 
electron imaging and energy-dispersive X-ray analysis in the SEM, and also for Raman 
spectroscopy, while broken fragments were mounted on aluminium stubs and platinum-
coated by Joanne Lee at the Centre for Advanced Microscopy (CAM), ANU for 
secondary electron imaging. Unimpregnated samples were used for powder XRD and 
IR analysis.  
 
2.3 Experimental methods 
 
2.3.1 Microscopy of Pamelup Pond mats 
Linda Moore examined the Pamelup Pond mats in 1993, in the laboratories of 
the Department of Microbiology, Q.E. II Hospital, University of Western Australia. Her 
laboratory notes record that thin sections were prepared using standard histological 
techniques.  Fresh mat was fixed in 70% alcohol.  The material was then processed in a 
pressure vacuum tissue processor on a standard 14-hour cycle and the sample was 
embedded with Paraplast wax.  Sections were cut at varying thickness from 30 – 15 µm 
on a Reichert – Jung microtome and placed on microscope slides.  A variety of stains 
were used.  All specimens were mounted in Depex mounting medium.  
 
2.3.2 Scanning Electron Microscope imaging 
Scanning electron microscopy enables specimens to be examined at much higher 
resolution than is possible in a light microscope and is a very effective tool for revealing 
details of microbial structures and their mineralisation. Secondary electrons generated 
by electron beam-specimen interaction are used to image irregular surfaces at 
nanometric resolution, while backscattered images produced from polished horizontal 
surfaces allow compositionally different phases to be distinguished on the basis of their 
contents of light and heavy chemical elements.  Polished samples were carbon-coated 
and imaged using backscattered electrons in the JEOL 6400 SEM, Hitachi 4300 
Schottky FESEM and FEI Quanta FESEM by Anna Carnerup, Robert Burne and 
Andrew Christy at the Centre for Advanced Microscopy, ANU. Samples were degassed 
in a vacuum chamber prior to loading into the FESEM.  Accelerating voltage was 5 – 15 
kV. Surface topography of unpolished fragments was imaged at higher resolution using 
secondary electrons on the Hitachi 4300 at 3 – 5 kV accelerating voltage. 
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2.3.3 Energy-Dispersive X-ray Analysis 
Quantitative chemical analysis can be conducted using scanning electron 
microscopes fitted with energy-dispersive specroscopic (EDS) X-ray detectors and 
quantification accessories. Elements heavier than neon can be detected at concentrations 
> 0.1 % and measured, from regions of ~3 µm diameter. The technique is almost non-
destructive but requires a horizontal surface that is polished and rendered electrically 
conductive by carbon coating. Images can be recorded from the surrounding area, but 
are not of the highest resolution since EDS requires a higher accelerating potential than 
does high-resolution imaging. Thus, the best images were obtained in dedicated SEM 
sessions. For Lake Clifton samples, imaging with phase identification by EDS was 
conducted by Anna Carnerup, Robert Burne and Andrew Christy on the Hitachi 4300 
Schottky FESEM at 15 kV accelerating potential with a probe current of 0.6 nA, using 
Oxford INCA quantification software. Samples were carbon-coated.  For the Lake 
Preston data shown in Figure 4.18, Jeremiah Shuster and Robert Burne used a JEOL 
JSM-7100 Field Emission Gun-Scanning Electron Microscope (FEG-SEM) equipped 
with a JEOL Energy Dispersive Spectrometer at the University of Queensland, 
operating at 15 kV. These samples were coated with a 5 nm deposition of Ir using a Bal-
Tec sputter coater to reduce charging effects. The remaining Lake Preston data were 
obtained from samples analysed by Andrew Christy and Anna Carnerup at the Centre 
for Advanced Microscopy, ANU, using a JEOL 6400 microscope equipped with Oxford 
Instruments Link ISIS quantification software. Accelerating voltage was 15 kV, probe 
current was 1 nA and spectra were collected for 180 live seconds. Standards used for 
these analyses were albite (NaK, AlK), periclase (MgK), sanidine (KK), CeP5O14 (PK),  
orpiment (SK), halite (ClK), diopside (CaK), rutile (TiK), rhodonite (MnK), hematite 
(FeK). 
 
2.3.4 QEMSCAN 
QEMSCAN© is a proprietary technique that automates micropetrography. The 
system was originally developed by CSIRO and is now owned by the FEI Corporation. 
A pre-programmed grid of closely spaced points on the sample surface are analyzed by 
EDS for short amounts of time per spot at high probe current, The resulting X-ray 
spectra from each spot are compared with stored spectra of standard materials, and a 
digital map produced in which each pixel corresponds to an analytical point, and, if 
possible, the constituent mineral is identified. “Stitching” of multiple fields of view into 
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a composite mosaic allows areas of several mm2, containing millions of pixels, to be 
phase-mapped in days.  This technique was invaluable for reconnaissance of the mineral 
components of specimens, and to assist with the location of suitable spots for future 
EDS analysis or Raman spectroscopy.  This technique provided the first evidence of the 
importance of Mg silicates in Lake Clifton thrombolites. Samples were prepared as 
polished resin-embedded blocks.  The analyses were undertaken using the FEI 
QEMSCAN© at Lithicon / FEI, Canberra.  This instrument comprises a scanning 
electron microscope with four light-element, energy dispersive X-ray spectrometers 
(EDS).  QEMSCAN© utilizes a software suite (iMeasure) controlling automated data 
acquisition.  Modal mineralogy was determined from the X-ray spectral data using 
iExplorer.  The working distance was 23 mm, with an accelerating voltage of 15kV and 
a probe current of 3 nA.  Samples were coated using a 10 nm-thick evaporative carbon 
coat to disperse electron charge induced in the SEM.  Visual inspection of the samples 
indicated a range of textures, necessitating that maps used different spacings of 
analytical points (i.e. pixel size): either 5 or 1 µm.   
 
 
 
Figure 2.1   Method for converting QEMSCAN recorded data to an image (Figure 
prepared by Joseph Hamilton) 
 
1.	  The	  “fieldimage”	  measurement	  mode	  produces	  mineral	  maps	  of	  individual	  fields 
2.	  Having	  recorded	  stage	  coordinates,	  each	  field	  can	  be	  stitched	  to	  produce	  a	  single	  image	  of	  the	  measured	  area. 
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These were deemed adequate to capture the range of textural features and allow for 
sufficient analysis time to cover an acceptable area of the sample.  The data were 
processed using FEI’s iDiscover off-line image analysis software.  Figure 2.1 illustrates 
the procedure for imaging the analyzed area.  QEMSCAN analyses were undertaken by 
Joseph Hamilton and Anna Carnerup in the laboratories of Lithicon and FEI, Canberra 
and interpreted by Joseph Hamilton, Anna Carnerup, Andrew Christy and Robert 
Burne. 
 
2.3.5 X-Ray diffraction 
X-ray diffraction (XRD) of samples is required to distinguish between minerals 
of similar chemistry but different crystal structure, for example distinguishing calcite 
from aragonite and talc from stevensite.   XRD also allows quantification of the major 
phases present in bulk samples. Powder X-ray diffraction of bulk samples and separated 
clay fractions of samples were carried out by Ulrike Troitzsch using a SIEMENS D501 
Bragg-Brentano diffractometer (reflection geometry).  This is equipped with a graphite 
monochromator and scintillation detector, using CuKα radiation. The corundum-spiked 
sample used for phase quantification was analyzed with a SIEMENS D5005 Bragg-
Brentano diffractometer (reflection geometry) equipped with a graphite monochromator 
and scintillation detector, using CoKα radiation. 
Ulrike Troitzsch undertook the sample preparation assisted by Robert Burne.  
Bulk samples were milled for 10 min in ethanol with a McCrone micronizing mill, and 
dried at 40°C. Samples were suspended on a side-packed sample holder, and analysed 
on the D501 from 2 to 70° 2θ, at a step width of 0.02°, and a scan speed of 0.5° per 
minute, and on the D5005 from 4 to 84° 2θ, at a step width of 0.02°, and a scan speed of 
15 s per step.  Clay separation was performed by the settling method, and oriented 
samples prepared according to the Millipore Filter Transfer Method (Moore & 
Reynolds, 1997).  Clay samples were analysed after Mg-saturation (scan range 2-42° 
2θ), saturation with ethylene glycol (2-32° 2θ), and heating to 350°C (2-28° 2 θ) and to 
550°C (2-28° 2θ), all at a step width 0.02° and scan speed of 0.3°/min. The results were 
interpreted using the Bruker AXS software package Diffracplus Eva 10 (2003) for 
identification, and Siroquant V3 for quantification (using the bulk scan). Phase 
quantification of bulk samples, including quantification of amorphous content, was 
undertaken by Rietveld analysis (Reitveld, 1969) after spiking with 20% corundum. 
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2.3.6 Fourier Transform Infrared Spectroscopy 
Infrared and Raman spectroscopies are complementary techniques which show 
the resonant vibrational frequencies of the various different chemically bonded groups 
in a material. The resulting spectra act as fingerprints that can be used to distinguish 
different minerals from each other, even when they are very similar in composition and 
crystal structure. For instance our analyses allowed discrimination between the various 
different species in the serpentine group of minerals (lizardite, antigorite, chrysotile). 
Clay-rich powder from a Lake Clifton thrombolite was analyzed using Fourier 
Transform Infrared (FTIR) spectroscopy in the Research School of Earth Sciences, 
ANU by Penny King with the assistance of Robert Burne.  A bulk powder sample was 
prepared in a KBr disc and analyzed using a Bruker Tensor 27 spectrometer with a 
Globar source, KBr beamsplitter and DTGS detector from 5400 to 400 cm-1 at 4cm-1 
resolution and using 100 scans.  Microanalyses were made in transmission mode on 
powders suspended on a CaF2 disc using a Hyperion microscope with a Globar source, 
KBr beamsplitter and MCT-A detector from 5400 to 600 cm-1, using 4cm-1 resolution 
and 300 scans. 
 
2.3.7 Raman spectroscopy 
Ulrike Troitzsch and Andrew Christy undertook Raman analyses in the 
laboratories of the Research School of Physics and Engineering, ANU, with the 
assistance of Robert Burne. Samples mounted in resin were polished with 1 µm 
diamond paste.  Raman microspectroscopy was conducted with a Renishaw inVia 
Reflex Spectrometer using a near-infrared (785 nm) diode laser with line focus. 
Analyses were obtained with a laser power of 5%, an exposure time of 1 s with 40 
accumulations, using a diffraction grating of 1200 lines/mm, covering a range from 138 
to 1333 cm-1 Raman shift.  
 
2.3.8 X-ray computed microtomography (micro-CT) 
The high-resolution secondary electron imaging conducted on thrombolite 
fragments in the SEM only provides information on the topography of a broken surface. 
Micro-CT  analysis provides a three dimensional record of the pore structure of a 
sample. A 3D X-ray tomogram was acquired by Anna Carnerup using the ANU micro-
CT facility (Sakellariou et al., 2004).  The X-ray source (X-Tek RTR-UF225) was 
operated at 120 kV and 120 µA, and produced a polychromatic conical beam. The lower 
energy X-rays were removed by an aluminium filter, and the projection data was 
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collected using a digital X-ray flat panel detector (20482 pixels, Perkin-Elmer). A total 
of 2880 radiographs were collected over 17 h using a circular sample trajectory (1 
revolution of 360°) and the data were reconstructed to produce a 3D tomogram with 
voxel size of 80 µm. The data were visualized using the Drishti (2013) software.  This 
has enabled a comprehensive exploration of the 3D pore structure of the thrombolite. 
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Chapter 3 MAGNESIUM SILICATES AND MICROBIALITES, 
PART 1 - LAKE CLIFTON 
 
3.1 The Yalgorup Lakes 
The coastal lands of Western Australia south of Mandurah are formed by the 
prograding Quaternary Spearwood Dune System, up to 80 m high dunes overlying 
Tamala Limestone (Figure 1.1).  Linear dunes and inter-dunal hollows are oriented at a 
low angle to the current coastline that is marked by the Recent Quindalup coastal barrier 
dune. The inter-dunal hollows in the Spearwood system confine three parallel systems 
of elongated lakes, arranged en echelon. The westernmost hollow is occupied by Lake 
Preston, the central hollow contains a string of minor lakes including Martin’s Tank, 
and the eastern hollow contains Lake Clifton and some other small lakes. The slightly 
oblique orientation of landforms with respect to the coast means that the western dune 
range terminates at the coast; all lakes lie within 5 km of the ocean and the northern part 
of Lake Clifton is separated from the ocean by only one composite dune system (Figure 
3.1). 
Lake Clifton is 21.5 km long and up to 1.5 km wide.  It became isolated from 
the ocean ~ 4000 years ago (Moore and Burne, 1994). Thrombolites have formed in 
the Lake for the past ~2000 years in hyposaline (14‰–35‰) waters that are similar 
to seawater in pH and ionic composition (Moore, 1987; Moore and Turner, 1988). 
Prior to 1990, the lake hosted a fauna of waterfowl, crustaceans, gastropods, small 
fish, bryozoans and sea anemones and a flora of charophytes and benthic microbial 
communities including diatoms and cyanobacteria dominated by Scytonema (Moore, 
1979; Moore, 1993; Moore and Burne, 1994; Konishi et al., 2001). The lake waters 
evolved from seawater with significant additional input from springs rich in Ca2+ and 
HCO3-, especially along its northeastern boundary (Moore and Burne, 1994).  
Thrombolites occur along northern and eastern lakeshores and extend down to ~3 m 
depth. The thrombolites exhibit various forms including microatolls, cones, domes, 
and discoid structures  (Moore, 1993; Burne and Moore, 1993; Moore and Burne, 
1994). They generally do not grow fixed to a firm substrate, but rather form on and in 
unconsolidated sediment. The thrombolites vary from weakly indurated to hard, 
consolidated structures with a mineralised framework of centimeter-scale mesoclots 
(sensu Kennard, 1994), interspersed with cavities containing sand- and silt-sized 
grains (Moore and Burne, 1994).  
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Figure 3.1  Location (A,B) and geomorphological setting (C) of the northern 
Yalgorup Lakes (reproduced from Moore and Burne, 1994).  
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3.2   Prior concepts of thrombolite mineralisation 
The microbialites of Lake Clifton were comprehensively documented in the 
doctoral research of Moore (1993).  This revealed the importance of chemical 
interactions between lake waters and ground waters discharging along the eastern shore 
of the lake for providing suitable conditions for thrombolite formation (Moore, 1987).  
The thrombolites grew in intimate association with a variety of metazoans for which 
they provided shelter. The coexistence of microbial and metazoan communities was 
taken to be the reason for the development of an internal structure of linked “clots” of 
carbonate rather than the regular laminations expected in stromatolites (Figure 3.2). 
Detailed work on the relationships between microbial communities and the internal 
structure of the Lake Clifton thrombolites suggested that their clotted internal structure 
resulted in part from precipitation of carbonate in close association with a filamentous 
cyanobacterium, Scytonema (Moore, 1993; Moore and Burne, 1994).  
 
3.3  Recent changes to the Lake Clifton environment 
Serious environmental degradation of Lake Clifton has occurred over the past 15 
years (John et al., 2009; Knott et al., 2003; Rosen et al., 1996) despite its protection as 
part of a National Park (Burne and Moore, 1987; Moore and Burne, 1994) and the 
recognition that the thrombolite ecosystem is critically endangered (Beeton, 2009).  
Recovery plans have been formulated (Luu et al., 2004) but never fully implemented. 
There are three significant factors underlying the environmental degradation of Lake 
Clifton, as listed below. 
 
3.3.1 Increasing nutrient levels 
The naturally low nutrient levels of Lake Clifton (Moore, 1993) were essential 
for the health of the thrombolite-based ecosystem.  Despite recognition of the 
importance of monitoring of nutrient levels and limiting nutrient input to the lake, no 
systematic monitoring appears to have been undertaken and nutrient levels have risen 
considerably, possibly as a consequence of subdivision of the lake's eastern 
border.  Rising nutrient levels have allowed benthic macroalgae to flourish and out-
compete the thrombolite-forming microbial communities (Figure 3.3). 
 
3.3.2  Introduction of stocks of Acanthopagrus butcheri  
Fishing enthusiasts have attempted to stock Lake Clifton with Black Bream 
(Acanthopagrus butcheri) on several occasions.  These attempts were unsuccessful until 
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the most recent stocking that coincided with raised salinities, providing an ideal habitat 
for the fish (Chaplin et al., 1998). They flourished, but had devastating impact on the 
water quality, fauna and microbial communities of the Lake. Bizarrely, the bream, 
feasting on the defenceless lake microbiota, attained such large sizes that they were 
mistakenly thought to be a new subspecies that had evolved isolated in the lake for 
thousands of years.  This led to the Lake Clifton bream being listed as protected (Smith 
and Norriss, 2011).  Continued increase in salinity has now rendered Lake Clifton 
uninhabitable for bream. However, the effects of the depredation by the bream on the 
microfauna associated with the thrombolites appear to be irreversible.  
 
3.3.3 Depletion of the Freshwater Aquifer  
  There has been a noticeable depletion of the freshwater aquifer contained in the 
dune system east of the lake over the past thirty years. The Dawesville Cut was 
excavated in the 1990s, intended to increase circulation in the Peel-Harvey Estuary by 
linking it to the ocean just to the north of Lake Clifton.  Local residents report that the 
construction of the Cut involved pumping of the groundwater aquifer to prevent it 
discharging into the excavation.  The fresh groundwaters from the aquifer were pumped 
into the ocean.  This channel was constructed as an ecologically questionable 
engineering solution to the environmental degradation of the Peel-Harvey Estuary.  The 
coincidence between the excavation of the Dawesville Cut and elevated salinity of Lake 
Clifton water suggests that this groundwater pumping severely impacted the freshwater 
aquifer running along the eastern boundary of Yalgorup Lakes. This may account for 
the salinization of the aquifer, the reduction in carbonate and fresh water input into Lake 
Clifton, and the death of stands of Tuart Trees (Eucalyptus gomphocephala) along the 
eastern boundary of the Lake System.  Other factors contributing to aquifer depletion 
might be increased pumping of groundwater by residents of new developments in the 
area, and declining rainfall in the region over recent years.  The average rainfall at one 
representative station adjacent to Yalgorup Lakes from1979 to 1992 was 974 mm, 
compared to the average rainfall from 1993 to 2008 of approximately 850 mm 
(Rockwater Pty Ltd, 2009). 
 
3.4 Distribution of microbialites 
Moore (1993), Moore and Burne (1994) and Burne and Moore  (1993) 
summarized the distribution of the major forms of thrombolite in Lake Clifton.  
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Figure 3.2 Detail of thrombolitic structure. Mesoclots (light) interspersed by cavities 
either empty (black) or filled with granular material (grey). Polished vertical section 
4cm height. Sample 86635073 from soft sediment east of former UWA Field 
Station (see Table 3.1).	  	  	  
	  	  
Figure 3.3 Coniform thrombolite ~35 cm tall with associated charophytes in clear 
water in 1984 (a) and a similar form covered in macroalgae (b) in murky water in 
1988. Both ~2.5 metre water depth, reef slope offshore of Mt. John (see Table 3.1). 
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Microbialites occur mainly, though not exclusively, along the eastern shore of the lake. 
There are four major morphologies: tabular, domical, conical and columnar.  
Microbialites are essentially subaqueous, so their maximum attainable height is limited 
by lake water level.  Falling lake level has left microbialites stranded above water in 
some places.  Microbialite height also relates to the energy of the environment, with 
taller thrombolites occurring in high-energy locations where fine sediment does not 
accumulate, and shorter oblate or clavate structures occurring in low-energy 
environments and protrude only slightly above the surrounding sediments (Moore and 
Burne, 1994). 
There are three  main thrombolite environments in Lake Clifton: 
(i) Reef Structure – best displayed along the north-eastern shore, 
(ii) Dispersed in soft-sediment – best displayed along the central eastern shore, 
(iii) Located in and around high-energy channels – best displayed at the “Deep 
Water Channel”, towards the southern end of the lake. 
 
3.4.1  Reef Structures 
Thrombolitic microbialites up to 150cm in diameter have coalesced along the 
north eastern lake shore to form an extensive reef over 6 km long and up to 120m wide 
(Moore and Burne, 1994) (Figure 3.4). The rear margin of the reef platform is normally 
above water and is evidence for a former higher lake level.   The reef platform is 
composed of tabular thrombolites that take the form of series of 3-18 cm wide 
concentric rings. These rings often abut, and may even enclose adjacent thrombolites. 
The structures show lateral accretion of microbialites under conditions where vertical 
growth was limited by shallow water. There are clear similarities between the overall 
morphology of the thrombolites that form the terrace along the north eastern shore of 
Lake Clifton and that of Cryptozoon proliferum, the first stromatolite to have been 
given a formal Linnean name (Hall 1883). Though internal structures differ, both the 
Lake Clifton terrace thrombolites and Hall’s Cambrian stromatolites near Saratoga 
Springs have a morphology of vertically truncated concentric rings, identical to that of 
coral microatolls found on the surface of coral reefs where upward growth is inhibited 
by the shallowness of the water (Burne and Moore 1993).   Thus, they are appropriately 
termed “microbialite microatolls”, and provide a convincing explanation for the origin 
of the structure of Cryptozoon proliferum (Burne and Moore 1993).  As water depth 
increases on the lakeward side of the platform, the thrombolites become increasingly  
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Figure 3.4  (a) idealized section (with horizontal scale compressed) illustrating 
morphological variation of thrombolite form from rubbly microatolls at the landward 
margin, compound microatolls on the central platform passing lakeward into 
discrete or coalescing microatolls. Domical thrombolites occupy the reef front and 
pass into conical thrombolites on the reef slope. (b) Reef platform with coalescing 
microatolls. (c) Compound microatolls of the central reef platform. 	  
	  	  
Figure 3.5 (a) ~ 35 cm tall conical thrombolite. Note rough surface “jacket”, partly 
eroded on the right, and charophytes on lake floor surrounding the base. Photo 
was taken in December 1987, when macroalga Cladophera was beginning to 
colonize Lake Clifton. (b) Polished impregnated slab of similar conical thrombolite 
showing radiating clotted fabric of the main cone and laminated clotted fabric of the 
separate “jacket” (scale = 5cm). 
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domical.  Dispersed conical thrombolites (Figure 3.5) occur on the reef front that slopes 
to the lake basin (Moore and Burne, 1994). 
 
3.4.2 Dispersed in Soft Sediments 
South of the reef the gently sloping lakeshore is composed of fine sands and 
silts. Discrete and mainly discoidal thrombolites, 2 to 50 cm in diameter, are scattered 
across the surface, partially buried in the unconsolidated sediment and extend into the 
lake to depths of 0.5 m or more (Figure 3.6).  Some thrombolites are reduced to ring 
structures because of erosion of their centres, and have been termed “pustular 
doughnuts” (Moore et al., 1983).  Similar associations occur in isolated localities along 
the northern and northeastern shores. 
 
3.4.3  Located in and around high-energy channels   
Close to the southern end of Lake Clifton, a promontory from the eastern shore 
constricts the lake and concentrates flow that has eroded a high-energy channel to 
accommodate wind generated currents flowing through the narrows (Figure 3.7).  
Columnar and pedestal thrombolites up to 1.3 m high grow on the floor of the channel. 
Some of these have colonial bryozoans incorporated as part of their framework (Moore, 
1993).  Similar examples from the Coorong Lagoon have been termed 
Bryostromatolites (Palinska et al.1996). Very small microbialites grow on the surfaces 
of the subfossil bivalve Katylesia, shells of which eroded from older sediments 
deposited during the lake’s estuarine phase and now form a lag on the channel floor.  
Club-shaped thrombolites have colonised the soft sediments along the margins of the 
channel (Moore and Burne, 1994). 
 
3.5 Reassessing the origin of the Lake Clifton thrombolites 
Moore (1993) and Moore and Burne (1994) observed an intimate association of 
the filamentous cyanobacterium Scytonema and aragonite crystals, on and within the 
thrombolites of Lake Clifton (Figure 3.8). This led to the conclusion that precipitation 
of aragonite in a microenvironment determined by Scytonema and other members of the 
benthic microbial community led to consolidation of the thrombolites through a process 
of biologically-influenced, non-skeletal mineralisation.  Pache-Caselman (2005) found 
amorphous magnesium silicate masses associated with aragonite in samples of 
thrombolites from Lake Clifton. She considered that the amorphous magnesium silicate 
was related to recent eutrophication of the lake and had probably formed after 1994, as  
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Figure 3.6 (a) Discrete discoidal thrombolites scattered across the soft sediments 
of the Lake foreshore and extending down into shallow waters.  (b) Ring-like 
thrombolites lying just above mean low-water level. Scale is 30 cm long. (c) Cross 
section of discoidal thrombolites with pustular and laminated surface zone 
transitioning down to thrombolitic structure  (d) cross section of main structure of 
mesoclots (light) and sediment-filled cavities (darker). 	  
 
it had not been mentioned prior to the pollution of the lake (Moore et al., 1983; Moore, 
1987; Moore and Burne, 1994). Wacey et al. (2010) found that magnesium and silica 
were enriched in a microbial filament from a thrombolite growing at the submerged 
margin of the reef on the northeastern of Lake Clifton shore, near Mt John. The 
magnesium and silicon were concentrated particularly along the outer margins of the 
microbial sheath, and were likely a result of mineral nucleation on the sheath wall. They 
suggested that this material might correspond to the amorphous Mg-Si-O phase reported 
by Pache-Caselmann in 2005, and noted that the phase appeared to have impregnated 
the sheath to some extent.  They failed to find similar material in a subfossil 
microbialite collected from the exposed inland margin of the reef. 
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Figure 3.7 (a) Columnar thrombolite ~ 1.3 metres tall (hand for scale) in ~2m water 
depth in the “deep water channel”, Note small cavities near the top of the column.  
(b) columnar thrombolite ~40 cm tall (fingers for scale) from the same locality, with 
pustular cavernous surface and charophytes around the base. 
(c) Submerged clavate and pedestal thrombolites at the eastern margin of the 
narrow “deep water channel”.  (d) Cross-section of a small thrombolite growing on 
a Katylesia shell (a relic of a former marine phase of the Lake) collected from the 
floor of the “deep water channel”.  (e) Cross-section of a small thrombolite from the 
“deep water channel” showing cavernous texture and mesoclots (arrowed) 
mimicking the form of the pustular surface. 	  
In 2011, I began to re-examine samples of thrombolites collected from Lake 
Clifton in the 1980s.  This work arose from an analysis of a thrombolite sample, with  
the intention of comparing the stable isotopic compositions of mesoclot and cavity 
sediments.  This work unexpectedly showed that much of the material composing the 
mesoclots in this sample was not in fact a carbonate.  A reconnaissance scan of the 
sample by Joseph Hamilton using QEMSCAN showed that although it did contain some 
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Figure 3.8  (a) SEM image of a thrombolite surface showing arrays of orthorhombic 
aragonite crystals surrounding protruding Scytonema filaments, scale bar 100 µm. 
Note needle-like diatoms at the centre of the lower margin. (b) Surface of another 
thrombolite showing a Scytonema filament, naviculate and needle diatoms and 
magnesium silicate material, scale bar 100 µm. 
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Table 3.1  Description and location of samples analysed in this study. 
 
Sample 
Number 
Depth 
(m) 
Form Locality Location 
85635773 1.5 Tabular In soft sediment east of 
former UWA Field 
Station  
 
32º 49’9”S  
115º40’44”E  
 
85635776 2.5 Column Deep water channel  
 
32º50’29”S  
115º41’19”E  
 
86635073 1.5 Tabular  In soft sediment,  
Shore north of Lake 
Clifton Tavern 
32º47’1”S  
115º39’59”E  
 
86635078 2.2 Cone Fore Reef, south of Mt 
John 
32º44’49”S  
115º39’16”E  
 
86635023 1.5 Tabular Northern end of lake in 
soft sediment 
32º43’4”S  
115º38’13”E  
 
86635204 1.0 Dome Western shore of lake 
(opposite Mt John) in 
soft sediment. 
 
32º44’51”S  
115º38’34”E  
 
108 + 75 
cm 
Tabular Emergent microatoll on 
the reef platform at Mt 
John 
 
 
calcium carbonate, it was predominantly composed of a talc–like magnesium silicate 
mineral. A multi-faceted research program was implemented to investigate the 
composition and origin of the Lake Clifton microbialites. This resulted in the 
unexpected discovery that modern thrombolitic microbialites in Lake Clifton gain their 
initial structural rigidity from biofilm mineralisation by the trioctahedral smectite 
mineral, stevensite, which nucleates in protected chemical environments both in and 
around microbial filament walls.  It then extends to form a microporous framework that 
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replaces and infills the filament web. Aragonite microcrystals grow within the 
stevensite matrix, and may eventually entirely replace it. Stevensite growth may 
represent the primary result of saprogenic mineralisation of decaying microbial 
biomass, in which case it would constitute a “missing link” between microbial organo-
mineralisation and apparently abiogenic calcification.  
 
3.6  Mineralogical determinations 
With collaborators, I have re-examined a comprehensive suite of samples collected 
from Lake Clifton between 1985 and 1988, prior to the radical alteration of the lake 
salinity, chemistry, and biota as a consequence of various human activities (Smith et al., 
2010). A multiscale (nanometer to centimeter scale) approach was used to characterize 
the textural and chemical properties of these representative microbialite samples (Table 
3.1).   Full details of analytical techniques are provided in Chapter 2 and are 
summarized in Burne et al. (2014a,c). 
A scanning electron microscope (SEM), using the automated phase mapping 
system QEMSCAN©, identified substantial amounts of magnesium silicate in the 
samples, together with calcium carbonate (Figure 3.9).  Subsequent SEM study using 
secondary electrons yielded high-resolution images of the topography of fractured 
surfaces (Figure 3.10) and, using backscattered electrons (BSE), imaged compositional 
variation in polished blocks impregnated with plastic  (Figures 3.11, 3.12). Chemical 
compositions of distinct phases were obtained in the SEM using Energy Dispersive X-
ray Spectroscopy (EDS).  Powder X-ray diffraction (XRD) and infrared spectroscopy 
(IR) were used to identify the mineral phases.  XRD of one bulk sample (sample 
85635773) confirmed that the major carbonate phase was aragonite, and indicated the 
presence of a 2:1 clay mineral (Figure 3.13a) identified by glycolation and heating as a 
swelling clay (Figure 3.13b). This was deduced to be the Mg silicate identified in 
QEMSCAN.  Quantified EDS analyses were made of the Mg-Si phase (see information 
and data in supplementary material presented in Burne et al., 2014c), which show that 
the atomic ratio of Mg:Si is slightly less than the 3:4 ratio of talc (0.66–0.73) and that a 
minor amount of Ca is present. After removal of Cl, S, and P as NaCl (halite), 
CaSO4·2H2O (gypsum), and Ca5(PO4)3OH (hydroxylapatite), respectively, an average 
composition was obtained for the silicate of  
 
 (Ca0.09K0.01Sr0.01)Σ= 0.11(Mg2.84Fe 0.02Al0.03)Σ=2.89(Si3.98Al0.02O10)(OH)2·nH2O.  
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Fig. 3.9  QEMSCAN® (www.fei.com/products/sem/qemscan) mineral map overlain 
on co-registered BSE image of a mesoclot in a conical thrombolite 86635078 
located close to the one shown in Figure 3.3(a).  The colours have been enhanced 
for clarity.  Stevensite (green) coats and permineralises the original cyanobacterial 
web of the microbialite.  Areas of aragonite (white) overgrow the stevensite and 
eliminating the microbial fabric. The red colour identifies mixtures of stevensite and 
aragonite, highlighting the boundaries of the mineral phases. Grey areas are 
organic material, e.g. in the filament remnant extending diagonally up from the 
centre of the bottom of the image. Black areas are cavities.  Scale bar is 1mm. 	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Figure 3.10  SEM image of surface mat from same sample shown in Figure 3.2 (85635773 
– west of old UWA Field Station), showing granular stevensite aggregates (st), corroded 
diatoms (dt), and cyanobacterial filament sheaths (mf). Scale bar is 50 µm. 	  
	  	  
Figure 3.11 SEM image of detail of conical thrombolite from same locality as those 
depicted in Figure 3.3. Stevensite micronodules and massive stevensite mineralise 
cyanobacterial sheath around cavity left by former filament (st), massive stevensite 
mineralising interfilament web (sm), while aragonite overgrows stevensite and 
advances into a cavity left by former filament (ar). Note other areas of aragonite 
growth at the sites of former filaments. Scale bar is 100 µm. 
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Figure 3.12  SEM image of detail of tabular thrombolite from east of Lake Clifton, 
Western Australia, in ~1.5 m water depth. Micronodular and massive stevensite 
replace cyanobacterial filament sheath (st), with adjacent blocky microcrystals of 
aragonite (ar) overgrowing the stevensite fabric. Scale bar is 25 µm. 	  
 
This composition corresponds to the mineral stevensite (Güven, 1991), an Mg-
dominant trioctahedral smectite in which, since Al is absent, the interlayer cation 
charge is balanced predominantly by deficiency of octahedral Mg rather than by 
substitution of Al for Si (as in saponite). The broad peaks seen with XRD, although  
weak, are consistent with those reported for a stevensite of very similar composition 
(Fig. 3.13a; Shimoda, 1971).  
Upon heating (Fig. 3.13b), the 001 peak collapses only partially, to ~11.3–10.4 
Å, rather than the talc-like 9.5 Å, as observed by Shimoda (1971), and thus behaves 
similarly to stevensite described from the Green River Formation (Tettenhorst and 
Moore, 1978). This could be ascribed to interlayers of organic material deposited during 
crystal growth and/or poor crystallinity in the stevensites of lacustrine origin (see the 
discussion in Tettenhorst and Moore, 1978).  Phase quantification by Rietveld analysis 
of the bulk sample after spiking with 20% corundum gave 20.7 ± 3 wt% stevensite, 26.8 
± 0.2 wt% aragonite, as well as detrital minerals Mg-rich calcite, derived from shells 
(9.9 ± 0.2 wt%), quartz (0.4 ± 0.1 wt%), and 42.2 ± 5 wt% amorphous material.  
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Figure 3.13  (a) X-ray diffraction (XRD) pattern of Lake Clifton, Western Australia, 
thrombolite bulk powder sample (random orientation) showing main peaks of 
stevensite (arrows and hkl indices). Peaks are very broad, but their positions 
compare well with previous work: 15.3/15.5 Å, 4.97/5.0 Å, 4.53/4.53 Å, 2.57/2.57 Å, 
2.52/2.54 Å, 1.53/1.52 Å (this study; Shimoda, 1971). Also present are aragonite 
and detrital grains of quartz and Mg-calcite.  
 (b) XRD patterns of dominantly clay sample from Lake Clifton thrombolite (with 
preferred orientation), showing change in d-spacing of (001) reflection with sample 
treatment (Mg saturation, ethylene glycol saturation, heating to 350 °C and 550 °C). 
Swelling from 15.4 Å to 18.5 Å upon glycolation, and subsequent collapse to lower 
d-spacing upon heating, indicates presence of a smectite clay. Aragonite and 
detrital quartz are also present. 
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Figure 3.14. (a,b,c) Photographs and (d) a slice from the 3D X-ray tomogram of a 
poorly lithified thrombolite (sample 85635773) from ~ 1.5 m water depth adjacent to 
the former UWA Field Station, eastern Lake Clifton. Photograph (b) is a 
magnification of the area indicated by the black box in image (a). Photograph (c) is 
the reverse side of sample to that in (a). Note the large cavities present at the 
surface of the thrombolite (b, d). The micro-CT image (d) displays contrast 
dependent on mineral density and porosity, with the brighter areas presumably 
representing calcium carbonate dominated regions. Note that here is no significant 
evidence for widespread burrowing or boring of the structure. Scale bars for (a,c,d) 
are 5 cm. (e,f). Micro-CT images of a cavity within sample 85635773. Note 
gastropod shell within a primary cavity. (e) shows solid material, (f) shows pore 
space. Scale bars are 10 mm. 
 
However, the modal proportion of Mg silicate observed in SEM imaging is well 
in excess of the smectite percentage obtained by phase quantification, suggesting that, 
while some of the Mg silicate may be an amorphous phase as reported by Wacey et al. 
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(2010) and Pache-Caselmann (2005), it has the same composition as stevensite. The 
amorphous content includes some organic material. IR spectroscopy performed on the 
millimeter scale using a randomly oriented powder sample and over 30 × 30 µm areas 
of clay-rich aggregates, supports the stevensite identification.  SEM – BSE- EDS 
imaging confirmed the QEMSCAN suggestions that the mesoclot framework of all 
samples analysed are composed of three components: relict cyanobacterial filaments, 
Mg-Si phases, and CaCO3 with minor Sr and no Mg, indicating that this is aragonite. 
X-ray microtomography was used to create three-dimensional (3-D) images of 
the microstructure of mesoclots and cavities of one representative thrombolite at near-
micron resolution. Detrital cavity-filling material, including high-Mg calcite shell 
fragments, feldspar, and quartz grains were also observed (Figure 3.14).  
 
3.7  A revised view of thrombolite mineralisation 
 Microbialite studies have tended to place an emphasis on microbial carbonates 
and mineralisation at the microbial surface being linked to the vital activities operating 
in benthic microbial communities (Dupraz et al., 2011; Riding, 2011).  Evidence is 
increasingly accumulating for mineralisation taking place within microbial biomass  
(Wacey et al. 2010; Couradeau et al. 2012; Couradeau et al. 2013; Benzerara et al. 
2015) and, in places, being linked to organic decay (Iniesto et al., 2015). Our study has 
revealed stevensite and related amorphous magnesium silicate actually forming a 
microbialite framework in a hyposaline lake with pH similar to seawater.  The evidence 
for how such processes contribute to the formation of the mesoclots and cavities that 
define thrombolitic structure is examined below. 
 
3.8  Mesoclot framework 
It had been assumed that it was microbial calcification that formed the mesoclots of 
the Lake Clifton thrombolites (Moore and Burne, 1994).  This study confirms that 
Scytonema filaments and several smaller unidentified microbes that dominate the 
benthic microbial mat do form the template for the mesoclot framework. The near 
surface mat contains pockets of diatom frustules and shells of the gastropods Coxiella 
striatula and Potomopyrgus spp. (Ascarhis occidua?) (Moore, 1979; Moore and Burne, 
1994; Konishi et al., 2001).   The diatoms apparently dissolve within the surface layers 
of the microbialites, and may contribute silica required to form the stevensite that makes 
up most of the mesoclot volume of the thrombolites (the term ‘stevensite’ is used to 
identify both the nanocrystalline phase that gives a smectite X-ray diffraction pattern 
	  	   42	  
and the apparently amorphous phase, as it is normally impossible to distinguish them). 
Flaky crystalline aggregates of stevensite can be observed (Figure 3.10), but much of 
the stevensite is compact. It permineralises filament walls and nucleates initially as 
small spots on and within the surface of the microbial filaments.  It then produces a 
highly porous alveolar web, apparently templated by the original web of microbial 
filaments and/or extracellular polymeric substance (EPS). Aragonite nucleates after 
stevensite precipitation, in relict filaments, in the alveolar web and in the massive 
stevensite (Figs. 3.15), replacing stevensite, and cyanobacterial remnants and growing 
out into voids. The aragonite occurs as radiating aggregates of distinct rhomb-shaped 
microcrystals that coalesce into dense aggregates and gradually overgrow the entire 
fabric (Fig. 3.16) until only palimpsest traces of the original microbial filaments remain. 
 
3.9 The nature of cavities 
The alveolar web of stevensite may become consolidated into massive stevensite at a 
well-defined boundary (Figure 3.15). Cavity walls sharply truncate bounding mesoclot 
structure (Fig. 3.17). These follow former consolidation fronts, where the margin of the 
massive stevensite is exposed by removal of the formerly contiguous but fragile 
alveolar stevensite. Aragonite patches that formed within the alveolar stevensite survive 
the loss of stevensite and remain as grains in the cavities (Fig. 3.17). Older cavity walls 
may be coated with amorphous silica (Moore and Burne, 1994). Cavities near the 
surface of the thrombolite are used for shelter by small crustaceans, including isopods 
and copepods (Moore and Burne, 1994; Moore, 1979; Konishi et al., 2001), but there is 
no evidence for abrasion of the cavity walls by these cavity dwellers. Gastropods only 
inhabit the surface mats, though their shells are frequently found in the cavities. Diatom 
frustules are also common in the surface mats, but are highly susceptible to early 
dissolution (Fig. 3.10) and are rarely found deeper in the thrombolites. Detrital quartz 
and feldspar, eroded fragments of the mesoclots, dislodged fragments of alveolar 
material, and pellets also occur as grains in the cavities. The 3-D structure of the cavity 
network is illustrated by X-ray tomography  (Figure 3.14) and clearly demonstrates that 
the fabric is not the result of homogenization by bioturbation. Some borings do occur, 
possibly attributable to spionid polychaetes that have been identified from deep within 
thrombolites (Konishi et al., 2001). 
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Figure 3.15 (a)  Detail of mineralised cyanobacterial sheath showing massive 
stevensite mineralisation of outer sheath and pointwise intracellular mineralisation 
of laminated inner sheath. Scale bar is 2 µm.  Sample from northern margin of Lake 
Clifton.  (b) Another area of the same sample showing alveolar microbial web 
permineralised by stevensite (upper left), permineralised cyanobacterial sheaths 
(centre) with light coloured aragonite gradually replacing stevensite, and complex 
stevensite- and aragonite-impregnated microbial material at lower left. Scale bar is  
10 µm. 	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Figure 3.16 (a)  Detail of aragonite (light) replacing stevensite-impregnated 
microbial sheaths in microbialite from the northern end of Lake Clifton. Note the 
almost total obliteration of original structure in aragonite mass in the upper left 
quarter, and the gradual replacement of the filment sheath in the centre left of the 
image.  Note that the stevensite “spots” similar to those seen in Figure 3.15 are at 
first resistant to calcification. Scale bar 1µm.  (b) Detail of centre left of previous 
image showing pervasive nature of aragonite replacement of stevensite. Scale bar 
is 1 µm. 	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Figure 3.17 (a) Vertical section through plastic-impregnated tabular thrombolite, 
from ~1 m water depth (northwestern Lake Clifton). Note surface benthic microbial 
mat with pockets of diatom frustules (m), mineralised framework or mesoclots of 
stevensite and aragonite (f), and cavities mostly filled with grains of stevensite, 
aragonite, or shell fragments (ca). Scale bar is 10 cm. (b) Scanning electron 
microscopy image of mesoclot-cavity relationships in the same sample. Note 
massive stevensite mesoclot (m) with permineralised filaments (mf) and patches of 
aragonite replacement (ma), cavity (ca) partially filled by alveolar stevensite (al) 
being replaced by patches of aragonite (ar). At right of image, similar patches 
remaining after loss of stevensite are alongside shell fragments (cl). Alveolar 
stevensite separates from massive stevensite, to produce the abrupt cavity margin 
(between labels x1 and x2). Scale bar is 0.5 mm. (c)  BSE micrograph of detail of 
sample shown above. Structures transgress the abrupt boundary between alveolar 
stevensite web to the right of image (al) and massive stevensite to left of image 
(ms). Aragonite nucleates in both areas. Scale bar is 100 µm. (d)BSE micrograph 
of a sample from the upper reef platform at Mount John.  The permineralised 
mesoclot in the lower part is composed of amorphous magnesium silicate partly 
replaced by aragonite.  The Mg silicate is massive and brittle.  The cavity in the 
upper part contains eroded aragonite from former stevensite patches as well as 
shell fragments and detrital grains. Scale bar 100 µm. 	  
 
3.10 Conclusions 
The Mg-rich, Al-poor smectite clay mineral stevensite formed a microbialite 
framework in a hyposaline lake with pH similar to seawater. Here the mineral grows in 
microchemical environments similar to those described by Decho (2000), i.e., beginning 
in and around the cyanobacterial sheaths, then in the alveolar web of the extracellular 
polymeric substances (EPS) of biofilms, followed by infilling of the web in the presence 
of decaying EPS via saprogenic mineralisation. Magnesium silicate formation may be 
	  	   46	  
promoted by local high silica activity from dissolving diatoms, along with lowering of 
carbonate and Ca activities through biological processes, leaving Mg to bind with silica. 
It is only when the microbial materials are degraded or entombed that local carbonate 
and Ca activities rise sufficiently for aragonite to form. The crystallization of primary 
stevensite at Lake Clifton, with aragonite forming only later, suggests that abiogenic but 
microbialite-like carbonates described by, e.g., Grotzinger and Knoll (1995) and Wright 
(2012) might usefully be re-examined for traces of an earlier phase of clay 
mineralisation. 
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Chapter 4  MAGNESIUM SILICATES AND MICROBIALITES 
PART 2  -  LAKE PRESTON 
 
4.1 Introduction 
Lake Preston, 27.5 km long and up to 2 km wide, occupies the westernmost 
inter-dunal hollow of the Spearwood Dune System (Figure 4.1). It is separated from the 
ocean by an unbroken composite dune system about 1 km wide and 25 – 52 m high. The 
lake is divided into a 2 km long northern arm and a 25 km south arm, which are joined 
by overflow in wet seasons, but are otherwise isolated. The maximum area of open 
water is 29.6 km2  (Commander, 1988) though this is very much reduced by evaporation 
in summer. Lake Preston differs from the adjacent Lake Clifton in that it is hypersaline, 
whereas Clifton was hyposaline until recently.   
A comprehensive study of the microbialites of Lake Preston has yet to be 
undertaken. Pache et al. (2002) and Pache-Caselmann (2005) described several samples 
from Lake Preston, including “sub-fossil” microbialites from the lake foreshores. 
Research with the topic “Holocene Evolution of the Microbial Deposits in the Clifton-
Preston Lake System, Western Australia” undertaken by Alonso Lluesma Parellada, a 
Curtin University student of the late Lindsay Collins, has yet to be published or made 
available for study.  This chapter does not reflect a comprehensive study of the lake but 
rather focuses on materials from three selected areas: (i) an isolated pond on the western 
shore of the far southern part of the Lake, known informally as Pamelup Pond (Figure 
4.1); (ii) the lake floor of the northern section of the southern arm that is composed of a 
disrupted, indurated carbonate hard ground; and (iii) carbonate platforms that flank the 
north eastern edge of the southern arm of the lake.  
 
4.2 Hydrology 
Commander (1988) outlined the hydrological setting of Lake Preston. Water 
level between 1976 and 1981 varied between -1.0m AHD and -0.1m AHD.  The lake 
therefore acts as a groundwater sink. There is very little surface runoff into the lake, 
which is fed almost entirely by rainfall accession and groundwater flow.  Water is lost 
by evaporation, concentrating salts within the lake.  Moore (1987) found that the lake 
remained hypersaline throughout the year of 1984 with salinity ranging from 42 gL-1 to 
78 gL-1.  Rosen et al. (1996) found that salinity ranged between 43.0 gL-1 in October 
1991 and a high of 67.9 gL-1 in April 1992. Commander (1988) found that groundwater 
flow from the east discharges along the eastern shore of Lake Preston.   
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Figure 4.1   Main Image - Soils and vegetation land classification of the Peel-
Preston Lakelands (Modified from Hill et al., 1973) showing location of Pamelup 
Pond (lower left NASA satellite image). Scale applies to main image. Width of 
satellite image ~2 km. Location map upper left. See also Figure 1.1.   
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Moore (1987) considered the ionic concentrations of elements in Lake Preston to be - 
Na+ > Mg2+ > Ca 2+  > K+  and Cl- > SO4 2- > HCO3. The ionic proportions are most 
similar to seawater in the month of September, when the lake waters are most dilute 
(Moore, 1987).  This is a consequence of the warm Mediterranean climate, with typical 
maximum summer temperature ranges between 27.0 to 29.5ºC and minimum winter 
temperature ranges between from 8.6 to 9.5ºC.  Most of the annual rainfall of ~ 900 mm 
falls in winter, between May and September. However, annual evaporation is 1400 mm, 
and exceeds rainfall between October and April (Deeney, 1989). 
 
4.3 Areas studied 
As already mentioned, a comprehensive survey of Lake Preston sediments has 
yet to be undertaken, but, in general, the lake bed consists of carbonate mud, and the 
lake is bordered in places by a lithified carbonate platform often containing shells of the 
bivalve Katylesia, which are relics of an earlier marine phase of the Lake. The 
information in this chapter is based on reconnaissance studies of three areas of the lake; 
(i) the benthic microbial communities of Pamelup Pond undertaken by Moore in 1992; 
(ii) the lithified floor of northern part of the lake (Burne, 1992); and (iii) the indurated 
terrace on the northeastern lake foreshore (Moore & Burne, 1989). 
 
4.3.1 Benthic microbial communities of Pamelup Pond 
Ephemeral microbial mats with a pinnacle surface morphology have been observed 
from time to time in Pamelup Pond, an embayment on the southwestern shore of the 
lake (Figure 4.1). Linda Moore undertook detailed research on microbial mats collected 
from there in January and April 1992.  The following observations are summarized 
from her unpublished report of this work (Moore 1992).  At that time, the floor of the 
pond was partially covered by an extensive benthic microbial mat with distinctive 
pinnacle structures rising from a continuous mat  (Figure 4.2).  Large areas of mat had 
become detached and had risen to float on the surface of the pond (Figure 4.2a,b).  
Moore described the pinnacles as sub cylindrical, erect, 1 to 5 cm high, 1 – 2 cm 
diameter, spaced about 1 – 2 cm apart, more or less contiguous, and with sub circular 
transverse sections (Figure 4.2c,d). She found that the mats were composed of a benthic 
microbial community dominated by the cyanobacterium Phormidium, but also including 
Spirolina, Aphanothece and Chroococcus, along with diatoms, principally Brachysira. 
The steep-sided pinnacles are connected at their base by radially arranged narrow 
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vertical ridges. The mats have a complex microstructure with variously flocculent, 
laminated and reticulate structures dominating in different places (Figure 4.3). The mats 
incorporate faecal pellets containing coccoid remains, possibly excreted by Coxiella 
(Figure 4.4).  The mats also include nematodes in places.  The mats have a layered 
structure, with laminae distinguished by variations in colour and texture that reflects the 
decay of the photosynthetic surface mat with burial through the activity of microbial 
decomposers such as sulphur bacteria.   
 
 
 
a 
 
 
 
c 
 
 
 
 
 
 
 
b 
 
 
 
 
 
 
d
Figure 4.2  (a) Dr. Robert  Hilliard sampling Pamelup Pond mats in 1992.  Note 
patches of dislocated mat floating on pond surface.  (b) Margin of a patch of 
floating mat showing pinnacles rising from mat surface. (c) and  (d) Details of 
pinnacled surface of mat (scale in cm). 
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a  
 
 
c 
 
 
b 
 
 
d 
 
Figure 4.3 (a) Section of pinnacle edge showing flocculent porous texture, diatoms 
and a lack of filaments.  - Width of image 450 µm. (b) Web of empty sheaths of 
Phormidium (?). -  Width of image 10 µm.  (c) Mat composed of Diatoms and 
coccoid cyanobacteria.  - Width of image 150 µm.  (d) Sulphur bacteria in a partially 
decomposed mat. – Width of image 70 µm. 
 
 
 
 
Figure 4.4 Faecal pellet (possibly from Coxiella and formed of coccoidal 
cyanobacterial remains) embedded in the mat. Note small filaments, nematode and 
diatoms. -  Width of view 170 µm.  
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4.3.2 Features of the indurated lakebed  
We conducted an underwater examination of the lake floor in the northern part 
of the south arm, offshore of the indurated foreshore terrace (Burne, 1992).  At this 
locality the lakebed is a lithified hard ground covered by a patchy flocculent mat.  The 
hard-ground platform is locally disrupted by tepee structures, broken in places and 
interspersed with pockets of soft sediment (Figure 4.5a).  Lithified coniform, 
arborescent and conical indurated structures rise from the surface of hard ground 
(Figure 4.5b). The hard ground has an internal structure that is cavity-rich, with an 
irregular framework of indurated laminae and small columnar structures (Figure 4.6b).  
The form of some of the surface conical structures (Figures 4.6b,d) compares closely 
with the pinnacles of the Pamelup Pond mats (Figures 4.6a,c). 
 
4.3.3 The indurated foreshore terrace 
The lithified platform along the northern section of the eastern Lake foreshore is 
in a comparable location to the microbialite reef of Lake Clifton (Figure 4.7a), but the 
Lake Preston platform bears only eroded relicts what may have formerly been 
microbialites (Moore and Burne, 1989). Tepee structures (Figure 4.7c) occur on the 
platform, and are probably related to the discharge of alkaline groundwaters in this area. 
In places the lithified platform contains shells of Katylesia, relics of former marine 
conditions.  However the dominant lithology is a cavity-rich limestone with micro-
columnar structures indicative of a possible microbial origin (Figure 4.7b). 
 
4.4  Mineralogical determination 
Encouraged by the results of our reinterpretation of the Lake Clifton 
microbialites in Chapter 3, we examined a small suite of samples collected from the 
lithified lakebed of Lake Preston between 1987 and 1992.  A similar multi-scale 
(nanometer to centimeter scale) approach was used to characterize the textural and 
chemical properties, but omitted the micro-CT analyses and instead undertook Raman 
spectroscopy.   Full details of analytical techniques are provided in Chapter 2. 
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a 
 
 
b 
 
 
Figure 4.5 (a) lithified hard ground on Lake Preston lake bed with a patchy 
flocculent mat, locally disrupted by tepee structures, broken in places and 
interspersed with pockets of soft sediment; water depth ~2.5 m. (b) Conical 
structure rising from hardground; height ~5cm. 
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Figure 4.6  Comparison of (a) living pinnacle mat from Pamelup Pond and, (b) 
lithified hardground from Preston Lakebed with coniform surface structure.  Note 
cavity rich cut cross section of sample.  Ruler scale in cm. (c) Sectioned pinnacle 
from Pamelup Pond mat (Scale 1mm) to be compared with (d) polished vertical 
section of a lithified pinnacle from the indurated lakebed crust. Scale 1mm. 
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a 
 
b 
 
 
c
Figure 4.7 (a) The lithified platform along the northern section of the eastern Lake 
foreshore, note eroded relic of a possible microbialite at the lake margin (b) cross 
section of the platform showing cavity-rich limestone with micro-columnar 
structures indicative of a possible microbial origin (c) Tepee structure, possibly 
related to the discharge of alkaline groundwaters in this area.
 
4.4.1 SEM 
Secondary electron imaging in the SEM yielded high-resolution micrographs of 
the topography of fractured surfaces (Figure 4.8).  These show diatoms scattered  
across a surface of web-like and massive material.  The massive material contains 
borings. 
Backscattered electron (BSE) images showed compositional variation from 
near the surface of polished blocks impregnated with plastic.   These show extremely 
complex textures (Figure 4.9).  In places a mineralized web of filament sheaths is 
preserved, but this becomes less distinct and eventually massive and is overprinted by 
at least two stages of crystal growth (Figure 4.10).  Eventually, complex crystalline 
carbonate phases obliterate the original structure and the surface shows evidence of 
more recent endolithic boring and microbial recolonisation (Figure 4.11), The end 
result is a compact aphanitic cavity-rich limestone with a bored surface that 
nevertheless possibly retains the morphology of an original pinnacle of a soft benthic 
microbial mat (Figure 4.12). 
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Figure 4.8 Fractured surface of the upper part of the lithified lake floor of Lake 
Preston. Note diatoms, web-like material with mineral overgrowth and massive 
material in the lower left quadrant that contains borings.  10 µm scale bar. 
 
 
 
 
Figure 4.9   SEM image of a polished vertical section through the lithified lakebed 
material showing extremely complex textures.  At the centre is a former microbial 
web undergoing progressive mineralization with encroaching areas of successive 
”overprinting” by carbonates. Scale bar 200 µm. Figure 4.10 is an enlargement of 
the lower right of this figure. 
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Figure 4.10 Detail of an area in the lower right of Figure 4.9. A mineralized web 
probably of former microbial filament sheaths is preserved, but this becomes less 
distinct and eventually massive and is then gradually obliterated by two stages of 
crystal growth, first aragonite and later high-Mg calcite. Scale bar is 30 µm. 
 
 
 
Figure 4. 11  Eventually complex crystalline phases obliterate the original 
structure. The resulting carbonate shows evidence of endolithic boring and 
microbial recolonisation.  Scale bar 20 µm. 
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Figure 4.12  A lithified coniform structure from the indurated lakebed. This is a 
compact aphanitic cavity-rich limestone with a bored surface that nevertheless 
possibly retains the morphology µm. 
 
4.4.2  QEMSCAN 
A scanning electron microscope (SEM), using the automated phase mapping 
system QEMSCAN, was used to distinguish and map the significant mineral phases in 
a representative sample of the indurated pavement (Figure 4.13).  A low-resolution 
scan clearly identified two phases of magnesium silicates that were distinguished by 
very different Mg/Si ratios, together with both magnesium-free and magnesium-rich 
CaCO3 phases.  In the Figure 4.13 the Mg silicate phases are labeled either  
“chrysotile” (a serpentine mineral, atomic Mg > Si) or “stevensite” (Mg < Si), although 
they may not correspond to those exact phases (see discussion below). There were 
large areas that could not be resolved, presumably because of micro scale intergrowth 
of disparate mineral phases. 
Three sub regions were singled out for higher-resolution study, on the basis of 
them possessing varied textures or large proportions of the high-Mg/Si and low 
Mg/Silicate phases (areas 1-3 in Figure 4.14).  BSE images and QEMSCAN maps of 
areas .1 – 3 are shown in Figure 4.15 – 4.17. The QEMSCAN maps were used to  
identify suitable targets for quantitative chemical analysis, using EDS and Raman 
spectroscopy, to identify the mineral phases. 
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Figure 4.13 Polished section  (above) and QEMSCAN (below, with BSE image 
added) of a pinnacle on the indurated Preston lakebed. The mineral names are 
indicative only. The low-resolution scan shows two phases of Mg silicate together 
with both calcium carbonate and Mg-rich calcium carbonate.  Large areas could not 
be resolved because of micro-intergrowth of mineral phases. Disc diameter is 25 
mm. 
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4.4.3 EDS 
Chemical compositions of sampling spots to identify distinct phases were 
obtained in the SEM using Energy Dispersive X-ray Spectroscopy (EDS).  Preliminary 
qualitative EDS studies used the JEOL 7800F by Jeremiah Shuster at UQ Microscopy 
Centre. These clearly identify high-magnesium calcite, which, on the basis of contact 
relationships, probably represents a later phase of mineralisation than aragonite (Figure 
4.18a), and a former alveolar web mineralized by a Mg-free calcium carbonate phase 
(aragonite: see below) that is replacing a massive magnesium silicate phase (Figure 
4.18b).  Later quantitative EDS was performed on the JEOL 6400 microscope in the 
Centre for Advanced Microscopy, which is fitted with a Link ISIS quantification 
system. Elements analyzed were Na, Mg, Si, P, S, Cl, K, Ca, Mn and Sr; Al, Ti and Fe 
were also sought, but were always below the detection limit of ca. 0.1 wt% oxide. 
About 30 spots were analyzed from areas 1 – 3 of Figures 4.15 – 4.18, along with four 
areas of about 60 × 45 microns; the locations are indicated in the Figures. A summary 
Figure 4.14  Optical micrograph of Lake Preston sample LP04, 
showing areas 1-3 targeted for high-resolution QEMSCAN work. Disc 
diameter 25 mm. 
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of the data is given in Table 4.1, while full data are presented in Appendix 1. Totals 
were low due to the porosity of the specimen and the hydrous nature of the silicate 
phases, but relative atomic proportions are likely to be accurate. The high-Mg/Si and 
low-Mg/Si silicate phases were found to have distinct composition ranges, with Mg/Si 
= 1.16 ± 0.02 (n = 10) and 1.03 ± 0.03 (n = 8) respectively. Note that this implies that 
they are not pure serpentine (Mg/Si = 1.5) or stevensite (Mg/Si = 0.70–0.75). EDS 
analyses of low-Mg carbonates showed the presence of two distinct populations with 
higher and lower Sr (Table 4.1), although these could not be distinguished by BSE or 
QEMSCAN. The lower-Sr phase appeared to form an overgrowth on shells of high-Sr 
aragonite in area 1, and it is likely that they represent different generations of 
aragonite. 
 
4.4.4 XRD 
Powder X- ray diffraction (XRD) was undertaken on a bulk sample of the 
indurated crust (Figure 4.19) and a sample of clay residue left after acid digestion of the 
carbonate from the same indurated crust (Figure 4.20).  The bulk powder sample 
(Figure 4.19) includes a layer silicate with 7.4 Å layer spacing, indicating either a 
kaolinite-group mineral (if an Al silicate) or serpentine-group mineral (if a Mg silicate). 
Since the EDS data shows that Al is absent, the phase belongs to the serpentine group.  
The peak at an apparent d-spacing of 13-14° 2θ is caused by aragonite, but is broader 
than the other aragonite peaks because it represents overlapping second-order 
reflections. They arise from the same lattice planes as the two main aragonite peaks at d 
= 3.40 Å and 3.27 Å, but by diffraction of X-rays with half the CuKα wavelength 
(1.542/2 Å = 0.771 Å). This radiation is part of the continuous background spectrum 
that is not blocked by the monochromator crystal because it has exactly half the 
wavelength the monochromator is designed to let pass. Such harmonic peaks are 
instrument artefacts that are only apparent for very intense reflections (thousands of 
counts), but are nevertheless common occurrences that can reach an intensity of 2-3% 
relative to their primary peaks with ageing X-ray tubes (Troitzch, personal 
communication). The 19-21° peak(s) are of interest: lizardite should be near 19.2° (4.62 
Å) while chrysotile is at 19.85° (4.47 Å). Figure 4.19 shows evidence of both serpentine 
phases. There is no evidence of a well-defined 14–17 Å peak from a smectite, although 
such a peak would easily be swamped since all peaks are broad, and there was 
considerable amorphous background.  
The same sample that had been analysed as a bulk powder was digested in acid 
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and the clay residue re-analysed (Figure 4.20).  It shows a clear d(001) spacing of 7.57 
Å corresponding to the layer spacing of the serpentine mineral, although this is slightly 
larger than the 7.2–7.36 Å expected for a pure phase, suggesting that there is some 
interlayering with a small amount of chlorite, vermiculite, smectite or mica. Such 
interlayering would not be possible for the cylindrical layers of chrysotile, and suggests 
that some of the serpentine is the lizardite phase, with planar layers. Conversely, the 
peak near 4.5 Å is more consistent with chrysotile. 
 
 
 
 
 
 
Figure 4.15  High-resolution QEMSCAN map of area 1 of Fig 4.14 
(below) compared with backscattered electron image (above), showing 
calcium carbonate overgrowths of shell material and complex areas of 
two Mg silicate phases. Mg-rich calcium carbonate appears as late void-
filling cement. EDS analysis spots are numbered in red. Scale bars are 
500 µm.	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Figure 4.16  High-resolution QEMSCAN map of area 2 of  
Fig 4.14 (below) compared with backscattered electron  
image (above), showing calcium carbonate surrounding  
a complex area of two Mg silicate phases gradually eliminating  
an area of web-like structure. EDS analysis spots are numbered  
in red. Scale bars 500 µm. 	  
	  
	  	   64	  
 
 
 
 
 
 
Figure 4.17 High-resolution QEMSCAN map of area 3 of  
Fig 4.14 (below) compared with backscattered electron image  
(above), showing calcium carbonate surrounding a complex area  
of two Mg silicate phases with the serpentine phase now 
dominating.  High-Mg carbonate occurs in fissures.  EDS analysis 
spots are numbered in red. Scale bars 500 µm.  
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Table 4.1. Summary EDS analytical data for areas 1 – 3 of Fig. 4.14. Spot locations are 
shown for the three areas in Figures 4.15 – 4.17 respectively. Because CO2 content 
could not be measured, maximum possible analytical total for carbonate minerals is 
about 55 wt%. 
 
Phase “Serpentine”  
(impure lizardite / chrysotile) 
“Smectite” (amorphous Mg silicate 
close to stevensite) 
# of analyses 10   8   
spots 1-01, 1-02, 1-03, 1-18, 2-04, 2-05, 3-
01, 3-02, 3-03, 3-05 
1-14, 1-15, 1-16, 1-17, 2-01, 2-02, 2-
03, 2-08 
Component wt% wt% 
 mean esd range mean esd range 
Na2O 1.18 1.53 0.10 – 4.60 0.52 0.19 0.28 – 0.83 
MgO 30.49 1.32 27.16 – 31.99 25.58 4.01 17.05 – 29.65 
SiO2 39.03 1.46 35.44 – 40.54 36.90 5.64 24.68 – 43.44 
P2O5 0.05 0.06 0 – 0.16 0.07 0.07 0 – 0.19 
SO3 0.93 0.42 0.39 – 1.53 1.24 0.36 0.83 – 1.94 
Cl 0.76 0.33 0.26 – 1.34 0.87 0.37 0.39 – 1.31 
K2O 0.12 0.05 0.05 – 0.19 0.08 0.04 0.03 – 0.15 
CaO 0.53 0.51 0.06 – 1.86 0.69 0.34 0.28 – 1.21 
MnO 0.16 0.22 0 – 0.60 0.08 0.06 0 – 0.15 
SrO 0.23 0.15 0 – 0.42 0.20 0.16 0 – 0.39 
-O ≡ Cl -0.17 0.07 -0.06 – -0.30 -0.20 0.08 -0.09 – -0.30 
Total 73.29 3.28 66.49 – 77.93 66.02 9.58 45.42 – 75.91 
       
Atoms / 100 
cations 
      
Na 2.46 3.06 0.22 – 9.22 1.33 0.58 0.68 – 2.15 
Mg 51.41 1.51 48.09 – 52.83 48.79 0.68 47.73 – 49.76 
Si 44.15 1.15 41.76 – 45.14 47.25 1.00 45.66 – 48.49 
P 0.04 0.05 0 – 0.16 0.07 0.07 0 – 0.18 
S 0.80 0.38 0.31 – 1.33 1.21 0.32 0.69 – 1.78 
Cl 1.46 0.62 0.52 – 2.56 1.97 1.01 0.73 – 3.76 
K 0.18 0.07 0.07 – 0.27 0.13 0.07 0.05 – 0.24 
Ca 0.67 0.69 0.07 – 2.50 0.99 0.57 0.37 – 1.97 
Mn 0.15 0.21 0 – 0.59 0.08 0.06 0 – 0.16 
Sr 0.14 0.10 0 – 0.27 0.14 0.11 0 – 0.28 
       
Mg/Si 1.164 0.019 1.137 – 1.193 1.033 0.026 1.011 – 1.079 
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Table 4.1. (continued)  
 
Phase High-Sr aragonite (impure) Low-Sr, low-Mg carbonate (probably 
aragonite, impure) 
# of analyses 4   4   
spots 1-05, 1-10, 2-07, 3-07 1-06, 1-07, 1-09, 1-13 
Component wt% wt% 
 mean esd range mean esd range 
Na2O 0.67 0.18 0.40 – 0.82 0.44 0.12 0.28 – 0.83 
MgO 0.20 0.12 0.09 – 0.37 0.10 0.06 17.05 – 29.65 
SiO2 0.14 0.21 0.02 – 0.46 0.03 0.03 24.68 – 43.44 
P2O5 0.06 0.04 0.01 – 0.09 0.10 0.03 0 – 0.19 
SO3 0.96 0.97 0.26 – 2.37 0.05 0.05 0.83 – 1.94 
Cl 0.11 0.04 0.06 – 0.15 0.06 0.06 0.39 – 1.31 
K2O 0.01 0.01 0 – 0.02 0.00 0.01 0.03 – 0.15 
CaO 49.63 0.45 49.21 – 50.24 50.27 0.53 0.28 – 1.21 
MnO 0.04 0.02 0 – 0.05 0.06 0.04 0 – 0.15 
SrO 0.55 0.07 0.47 – 0.63 0.15 0.06 0 – 0.39 
-O ≡ Cl -0.02 0.01 -0.01 – -0.03 -0.01 0.01 -0.09 – -0.30 
Total 52.33 1.01 51.11 – 53.44 51.23 0.47 45.42 – 75.91 
       
Atoms / 100 
cations 
      
Na 2.30 0.61 1.42 – 2.80 1.53 0.43 0.68 – 2.15 
Mg 0.53 0.33 0.24 – 0.99 0.27 0.15 47.73 – 49.76 
Si 0.25 0.38 0.04 – 0.82 0.04 0.06 45.66 – 48.49 
P 0.09 0.06 0.02 – 0.13 0.15 0.04 0 – 0.18 
S 1.28 1.27 0.36 – 3.13 0.07 0.07 0.69 – 1.78 
Cl 0.33 0.11 0.19 – 0.45 0.18 0.20 0.73 – 3.76 
K 0.01 0.02 0 – 0.04 0.01 0.01 0.05 – 0.24 
Ca 94.91 1.82 92.81 – 97.21 97.69 0.47 0.37 – 1.97 
Mn 0.05 0.04 0 – 0.07 0.10 0.07 0 – 0.16 
Sr 0.57 0.07 0.49 – 0.64 0.15 0.06 0 – 0.28 
       
Mg/ 
(Ca+Mg+Sr) 
0.006 0.003 0.003 – 0.010 0.003 0.002 0.001 – 0.005 
Sr/ 
(Ca+Mg+Sr) 
0.006 0.001 0.005 – 0.007 0.002 0.001 0.001 – 0.002 
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Table 4.1. (continued) 
 
Phase High-Mg calcite 
# of analyses 6   
spots 1-11, 1-12, 2-06, 3-4, 3-06, 3-08 
Component wt% 
 mean esd range 
Na2O 0.45 0.11 0.31 – 0.57 
MgO 9.04 0.83 8.04 – 10.84 
SiO2 0.71 0.97 0.14 – 2.66 
P2O5 0.09 0.05 0 – 0.15 
SO3 0.99 0.54 0.54 – 2.05 
Cl 1.11 0.06 0.02 – 0.17 
K2O 0 0 0 – 0.01 
CaO 41.06 1.29 39.23 – 42.69 
MnO 0.02 0.03 0 – 0.07 
SrO 0.08 0.03 0.04 – 0.11 
-O ≡ Cl -0.02 0.01 0 – -0.04 
Total 52.49 0.78 53.98 – 51.84 
    
Atoms / 100 
cations 
   
Na 1.44 0.33 1.02 – 1.84 
Mg 22.48 1.72 20.22 – 25.20 
Si 1.15 1.56 0.24 – 4.29 
P 0.12 0.08 0 – 0.21 
S 1.24 0.68 0.68 – 2.60 
Cl 0.30 0.17 0.06 – 0.46 
K 0 0.01 0 – 0.02 
Ca 73.47 3.24 67.81 – 77.17 
Mn 0.02 0.04 0 – 0.10 
Sr 0.07 0.03 0.04 – 0.11 
    
Mg/ 
(Ca+Mg+Sr) 
0.234 0.022 0.207 – 0.271 
Sr/ 
(Ca+Mg+Sr) 
0.001 0 0 – 0.001 
 
 
Hence, the XRD data are consistent with the probable presence of two serpentine 
minerals, chrysotile as well as lizardite interlayered with a small amount of a Si-Mg-
rich clay with larger d-spacing such as stevensite (Figure 4.20); if the admixed phase is 
indeed a swelling clay, the amount of it interlayered with lizardite appears to be too 
insignificant to cause a visible change in d(001) for the serpentine on glycolation.  XRD 
after acid treatment to remove carbonates and concentrate the silicates, shows peaks in 
the d ~ 4.5 Å region that are very much more in accord with chrysotile than with 
lizardite. However, the expanded layer spacing at d ~ 7.5 Å is still present. Although 
QEMSCAN and EDS indicate considerable amounts of a non-serpentine Mg silicate 
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with relatively low Mg/Si, no Bragg peaks from such a phase were seen, and given the 
lack of distinct smectite layer peaks at 14–17 Å, there is no evidence for swelling with 
glycolation.  The low-Mg silicate labelled “stevensite” is likely to be largely 
amorphous or nanocrystalline rather than a genuinely crystalline smectite, contributing 
only to the background scattering in XRD. 
 
4.4.5 Raman spectroscopy 
The areas of interest 1 – 3 identified by QEMSCAN mapping (Figure 4.14) were 
also investigated by Raman spectroscopy. Trial spectra showed that the 785 nm laser 
was needed to minimize fluorescence in the major wavenumber range of interest, and 
that 5–10% laser power avoided any progressive changes or destruction of sample, 
whereas 50% power blew holes in the sample.  Spots with clear predominance of a 
single mineral phase were selected as targets.  It should be noted that the Mg-poor 
silicate regions failed to give spectra with any well-defined peaks.  
Data had background subtracted in the software application WIRE by using 
automatically fitted polynomials in most cases, but cubic splines through user-defined 
points were used for one spectrum which had strongly curved shoulders in background.  
Examples are shown in Figure 4.21 for (i) serpentine-only, (ii) serpentine + aragonite, 
(iii) aragonite-only samples. Peaks were compared with literature data for phases and 
these are summarized and referenced in Table 4.2. Mg-rich silicate regions showed a 
Raman peak at 1091 cm-1, usually as a shoulder on a 1085 cm-1 carbonate peak. The 
1091 cm-1 peak is closest to the lizardite position at 1096 cm-1 as suggested by Rinaudo 
et al.(2003) rather than to their chrysotile peak (1105 cm-1). This was the main criterion 
for our initial identification of the serpentinite phase as lizardite. However, only 
antigorite among serpentine minerals  is definitely excluded (nearest peak at 1044 cm-1). 
 
4.4.6 Mineral determination summary  
 The  Mg/Si ratio from EDS is too low for the serpentine mineral to be pure: it is 
presumably mixed on a submicron scale with either amorphous Mg silicate, silica or 
both.  Aragonite forms later, initially as a dusting of needles, but these gradually 
coalesce to form clots, eradicating the microfilamentous texture. The exception is 
aragonite incorporated into the microbialite as detrital mollusk and conodont shells.   
These shells, along with an early overgrowth of aragonite, can be seen in Figure 4.16. 
Borings into the outer surfaces of aragonitic shells and their overgrowths are infilled by 
both Mg silicate phases, indicating that the silicates also formed early in post-
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depositional mineralisation (Figure 4.23). However, some shell margins show an 
intimate intergrowth of lamellae of aragonite with Mg silicate due to 
crystallographically controlled replacement of shell aragonite by Mg silicate (Figure 
4.24). High-Mg calcite is clearly a late mineralising phase, and less aggressive than the 
others in that it tends to fill voids rather than overprint or replace other minerals in area 
1, although it does form nodule-like clots in serpentine in area 3 (Figure 4.18). 
 Analyses of calcium carbonate phases showed three distinct populations. Spots 
interpreted as aragonite systematically contained 0.5 – 0.7 mol% SrCO3 substitution, 
and frequently small amounts of Mg that may be due to silicate contamination. High-
Mg calcite had no detectable Sr but 23 ± 2 mol% MgCO3. Some spots from carbonate 
overgrowths on a shell in area 1 (analyses 6, 7, 9, 13) had < 0.3 mol% Sr and < 0.5 
mol% Mg (Appendix 1). In the absence of distinct XRD peaks for low-Mg calcite, this 
phase may be interpreted as a low-Sr aragonite. 
 
4.5 The evolution of the fabric of Lake Preston microbialites 
The unusual coniform and arborescent forms preserved in the lake-floor 
pavement appear macroscopically to be relatively pure limestones but they clearly have 
comparable morphologies to the pinnacles of the ephemeral microbial mats of Pamelup 
Pond. SEM and QEMSCAN analysis reveal a complex lithology with several stages of 
carbonate growth “overprinting” two magnesium silicate phases that, in places, 
preserve traces of pre-existing microbial filament sheaths (Figure 4.25).  This has 
established that the Lake Preston structures are indeed microbialites.  The 
nanocrystalline “dots” associated with this mineralisation are indicative of 
intracellular mineralization, which may be mainly saprogenic. 
The carbonates of the Lake Preston foreshore platforms and the lake-floor hardgrounds 
do not have features typical of most microbialites described to date (Riding 1991).  
They have complex internal structures and had been tentatively interpreted either as 
non-biogenic tufa deposits or as the remains of eroded microbialites that are not readily 
interpreted as either thrombolites or stromatolites. (Moore and Burne, 1989).  
 
 
 
 
 
	  	   70	  
Table 4.2: Raman peaks over interval 600-1200 cm-1 from experimental spectra 
785-21, 785-38 and 785-46, and from known phases in the literature. RRUFF data 
for montmorillonite (a smectite) is a proxy for stevensite, for which no spectra are 
reported. 
 
Serp 
785-
21 
Mix 
785-
38 
Carb
onat
e 
785-
46 
Lizard-
ite1 
Chryso-
tile1,2 
Antig-
orite1 
Montmo-
rillonite3 
Arag-
onite4 
Calcite4 
    620 m, 
(622) 
    
    (629)     
   630 m      
     635 m    
     683 vs    
   690 vs      
    692 vs, 
(692) 
    
  703     702   
    (705)     
 706 705     706  
      708   
    (709)     
        712 
       717 
vw 
 
721 719        
       853 
vw 
 
       918 
vw 
 
     1044 s    
 1088 1086     1085 
vs 
1086 vs 
1091 1091        
   1096 ?      
    1105 m, 
(1102) 
    
      1106 vw   
References: 1. Rinaudo et al. (2003). 2. Kloprogge et al. (1999), data parenthesized. 3. RRUFF 
database # R110053 (Lafuente et al., 2015). 4. De La Pierre et al. (2014). 
	  	   71	  
 
 
 
 
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00
keV
012
0
800
1600
2400
3200
4000
4800
5600
6400
C
ou
nt
s
C
K
a
O
K
a
M
gK
a
C
aK
a
C
aK
b
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00
keV
013
0
800
1600
2400
3200
4000
4800
5600
6400
7200
8000
C
o
u
n
ts
C
K
a
O
K
a
C
aK
a
C
aK
b
Acquisition	  Parameter	  
Instrument	  	  	  :	  7800F	  
Acc.	  Voltage	  :	  15.0	  kV	  
Probe	  Current:	  1.00000	  nA	  
PHA	  mode	  	  	  	  	  :	  T3	  
Real	  Time	  	  	  	  :	  ..32	  sec	  
Live	  Time	  	  	  	  :	  60.00	  sec	  
Dead	  Time	  	  	  	  :	  2	  %	  
Counting	  Rate:	  2502	  cps	  
Energy	  Range	  :	  	  0	  -­‐	  20	  keV	  	  	  
Figure 4.18a EDS analysis of  
two spots near the edge of  
sample LP13 from indurated 
Preston lake bed, showing 
relationship between aragonite 
(lighter grey) and high-Mg calcite 
(darker grey).  Sample spots  
shown on SEM image (scale bar 
20µm) and  X-ray spectra to  
the left (012 upper, 013 lower). 
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Acquisition	  Parameter	  Instrument	  	  	  :	  7800F	  Acc.	  Voltage	  :	  15.0	  kV	  Probe	  Current:	  1.00000	  nA	  PHA	  mode	  	  	  	  	  :	  T3	  Real	  Time	  	  	  	  :	  61.97	  sec	  Live	  Time	  	  	  	  :	  60.00	  sec	  Dead	  Time	  	  	  	  :	  3	  %	  Counting	  Rate:	  3912	  cps	  Energy	  Energy	  Range	  :	  	  0	  -­‐	  20	  keV	  	  	  
Figure 4.18b EDS analysis of 
sample of indurated Preston  
lake bed LP13 showing  
Aragonite (white) mineralizing 
former microbial web replacing 
 a massive Mg Silicate phase 
(grey).  Sample spots 008 and 
009 on SEM image (scale bar 
100µm). X-ray spectra shown  
on the left (009 upper,  
008 lower).	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Figure 4.21  Examples of Raman scans (with backgrounds extracted) of selected 
targets from QEMSCAN maps. (785-21) serpentine-only, (785-38) 
serpentine+aragonite, (785-46) aragonite-only samples. Peaks were then compared 
with literature data for phases summarized in Table 4.2.  Mg-rich silicate regions 
showed a Raman peak at 1091 cm-1, usually as a shoulder on a 1085 cm-1 carbonate 
peak. This is closer to the 1096 cm-1 expected for lizardite than 1105 cm-1 for chrysotile 
or the 1044 cm-1 of antigorite. Vertical scale is scattering intensity in arbitrary units. 	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Figure 4.22  The original amorphous smectite mineralizing the microbial web  
(centre) is partly replaced by later, more massive, better-crystallized material (right) 
with a serpentine-composition. The Raman spectrum for this phase implies lizardite 
but XRD peaks provide convincing evidence for chrysotile.  Scale bar 20 µm. 
. 
These analyses show that the Lake Preston structures gained their initial 
structural rigidity from biofilm mineralization by an Mg-rich clay containing no Al, 
probably an amorphous or nanocrystalline trioctahedral smectite with composition 
similar to stevensite. This nucleated in and around microbial filament sheaths and 
extended to form a micro-porous framework that replaced and in-filled the filament 
web. This was probably saprogenic mineralization. In places, amorphous magnesium 
silicate material became diagenetically altered to the serpentine minerals chrysotile 
and/or lizardite: unexpected minerals to be found in a conventional hypersaline coastal 
lake.  Aragonite formation then overprinted the magnesium silicate (Figure 4.24), 
followed by a later phase of magnesium calcite growth. The result is a cavity rich but 
texturally compact limestone.  The surface of this indurated material was bored by 
endoliths in recent times when the surface was patchily coated by a flocculent 
diatomaceous mat. 
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a  
 
Figure 4.23. Area 1 of Fig. 4.14. (a) BSE image showing borings into the outer 
surfaces of aragonitic shells are infilled by Mg silicate indicating early post 
depositional mineralization Scale bar 300 µm. (b) QEMSCAN map of same area at 
same scale.  Mineral colour coding as in Figure 4.15; red dots are locations of EDS 
analyses shown in Table 4.1. 
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Figure 4.24.  Detail of the relationship between shell aragonite and Mg silicate 
along the interior margin of the shell sown in Figure 4.23 that indicates pervasive 
conversion of shell aragonite to Mg silicate. Scale bar 20 µm. 
 
The internal structure of the ephemeral benthic miocrobial mats of Pamelup Pond might 
explain the diversity and lack of organization in the lithified microbialites of the lake 
proper. Lake Preston microbialites do not have the typical thrombolitic structure of their 
counterparts in Lake Clifton, possibly because they did not form in intimate association 
with an equivalent complex microfauna because of hypersalinity.  They do not 
correspond to the definition of Leiolite - a “microbial deposit with structureless 
macrofabric”  (Braga et al. 1995) – because they have a disorganised structure of 
irregular laminations and columns in the cavity-rich lithology.  The inability to 
conveniently categorise the Lake Clifton microbialites endorses the decision of Burne 
and Moore (1987) to not propose a classification of microbialites but rather to illustrate 
some of the many possible varieties that may occur in nature.  The Lake Preston 
microbialites demonstrate the complex overprinting of an original permineralized 
microbial framework by successive growth of magnesium silicates and calcium 
carbonates that eventually obscures all evidence for the microbial influence on their 
lithogenesis.  
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Chapter 5.  CONOPHYTON (MASLOV) – A RADICAL REINTERPRETATION 
 
5.1   Introduction 
The description in the previous chapter of the ephemeral small coniform mat 
structures from Pamelup Pond adds to the record of mats of conical morphology 
occurring in lacustrine and peritidal locations, as summarized by Flannery and Walter 
(2012).  These include silicified examples from Yellowstone National Park that were 
formally named Conophyton weedii Walter (in Walter et al., 1976).  Implicit in this 
nomenclature is the assumption that these modern coniform structures are comparable 
to large coniform stromatolites known as Conophytons (Figure 5.1) that were 
widespread in the Proterozoic, only to decline and virtually disappear in the late 
Riphean  (1400-800 Ma) (Krylov and Semikhatov 1976).  This chapter considers 
whether the discussion in the previous chapter of the association of pinnacle mats in 
Pamelup Pond and their lithified morphological equivalents on the Lake Preston lake 
floor can assist in the understanding of the formation of these enigmatic Proterozoic 
Conophytons. 
 
5.2 What is Conophyton?  
Conophyton (Maslov) is an accepted genus assigned to the parent 
“Cyanobacteria uncertae cedis” (Guiry and Guiry, 2013) and diagnosed as cylindroidal 
colonies of nested conical laminae (Rezak 1957).  Vladimir Maslov defined the type 
specimen of Conophyton lituus in 1937 (Figure 5.2).  L. M. Shorokhov had collected it 
from red-coloured limestones on the banks of the lower Tunguska River between the 
town of Turukhansk and the estuary of the Severnaya River, Siberia.  It was first 
considered that it might be an inorganic concretion, but closer inspection revealed that it 
“is a stromatolite growing from down upwards and forming a kind of paling” resulting 
in “tapering and cylindrical lamellar concretions”(Maslov, 1937).  Maslov (1937, 
1938) noted that the microscopical structure of these stromatolites was almost always 
obscured by a high degree of recrystallization.  Only occasionally was it possible to 
distinguish the microstructure of laminations. Lighter-coloured spots and lenses were 
visible in a section cut transverse to the generally red-coloured cone (Figure 5.3).   The 
origin of these spots and lenses was not clear to Maslov, but he concluded that they 
could be of secondary origin, since the primary laminations “stream” around them. 
Examination of slides enabled Maslov (1938) to identify features that reflected natural 
alterations occurring during the growth of the stromatolite. One surprising observation  
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Figure 5.1 Silicified Conophyton in the 1.7 Ga Dungaminnie Formation,  
NT, Australia (grid ref. 53K NB 0578973 8154545). Coin 28mm for scale. 
Note fenestrae and thickening of laminations in axial zone.  Jim Jackson in  
the background is ~168 cm tall, but the depth of field creates an appropriate 
 illusion of a towering Conophyton. 	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Figure 5.2 Holotype of Conophyton (Conophyton lituus). Apical view (top) and 
lateral view (Length ~9cm) (below).  Collection of Leontovich.  Modified from 
Maslov, 1937. 
 
 
was that “during the life of the blue-green algae evidently a large amount of clayey 
ferruginous ooze was being settled.  Due to this fact the internal structure of the 
deposited carbonate became much more distinct. The latter circumstance permits us to 
suppose with a fair degree of certainty that in this case traces of cells of these plants 
are present”. This evidence might equally be taken to reflect the precipitation of an 
authigenic clay that permineralised organic cells, thus preserving their structure.  
Microscopic analysis showed the stromatolite was composed of various sizes of 
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carbonate grains (mistranslated in the English abstract of the paper as “carbonaceous”) 
and very fine-grained ferruginous clay. Some large carbonate grains were darker in the 
centre due to contamination by such argillaceous material (“its vitiation by the 
argillaceous ferruginous material”), combined with an abrupt decrease in the size of 
carbonate grains (Figure 5.3).  There are rows of globular and lenticular carbonate 
bodies cemented by opaque ferruginous clay “additions” (is Maslov alluding to 
allochthonous sediment here? RVB) and fine-grained material. Small tubes, presumed 
to represent original organic matter, occur in some layers as dark features.  ”We can 
elucidate – with some degree of difficulty …….. the mode of growth and conditions of 
life of these old lower plants that, primitive as they were, erected complicated structures 
in their struggle for existence.” Maslov (1938, p.328). 
It is now generally accepted that Conophyton is an informally named 
stromatolite rather than a cyanobacterial genus.  Conophytons were abundant in certain 
periods of the Proterozoic, and distributed worldwide (Preiss, 1976) and have been used 
for regional stratigraphic correlation (Preiss, 1971; Semikhatov, 1976).  Komar et al. 
(1965b) proposed that the variety of Conophyton types observed might be subdivided 
on the basis of a supposed “taxonomic rank”.  They used variations in the nature of the 
apical zone, nature of lamination, relative thicknesses of alternating dark and light 
laminae, and other morphometrics, to define six different “species” in the hope that each 
would have stratigraphic significance. Interestingly, Serebryakov (1976) later concluded 
that stromatolites of various macroscopic forms  but with similar microstructures were a 
reflection of differing depositional environments, and that specific unrepeated 
assemblages of forms, such as the so-called “Jacutophyton cycles” might be a better 
tool for stratigraphic correlation than using single stromatolite forms. 
 
5.3  Depositional characteristics and environment 
Donaldson (1976) provided a detailed analysis of the remarkable Conophyton 
specimens of the Dismal Lakes Group of the Bear Province of the Canadian Shield.  
They are composed of dolomite, have diameters generally between 10 and 50 cm but up 
to a maximum of 10 m, have conical accretionary surfaces inclined at greater than 70°, 
and a depositional relief that can exceed 10 m.  They occur in beds that can be traced for 
hundreds of kilometres.  Donaldson considered that it would be impossible for such 
forms to accrete by sediment entrapment.  The lack of sedimentary structures indicative 
of waves, strong currents or subaerial exposure suggested that they formed in tranquil 
subtidal environments.  He concluded that the purity of the carbonate, the scarcity of  
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Figure 5.3  (a) Transverse section through Conophyton lituus, showing lenses and 
layers separated from each other by dark material (width 1.5 cm). (b) Enlarged 
view of the same specimen, showing differentiation of the lenses and layers. Note 
darker centres of some light lenses (Width 4 mm).  Modified from Maslov (1938). 
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Figure 5.4 Conophytons from the Atar Group, Islamic Republic of Mauritania. (a) 
Toppled Conophytons; oblique bedding plane view; Jacob staff marked in 10 cm 
intervals. (b) Pavement of broken Conophyton and stromatolitic breccia; bedding plane 
view. Width of image 80cm.  Modified from Kah et al. (2012). 
	  
 
terrigenous detritus and the steeply inclined conical laminations suggested that the 
structures formed from a process of mineral precipitation. He noted “Lamination 
textures show a great diversity, ranging from uniform to discontinuous and lumpy.  
These textures, resembling those regarded as characteristic of several named “forms”, 
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appear to represent various stages of diagenetic recrystallization of originally smooth 
and continuous laminae”. 
Well-described examples of Conophytons up to 4 m tall are exposed is in the 
Proterozoic Atar Formation of Mauritania (Bertrand-Sarfati, J., and A. Moussine-
Pouchkine 1985, Kah et al. 2012).  Many occur in growth position with basal diameters 
of up to 50cm, in fields of individual columns that are spaced 5 – 70 cm apart.  This 
form and distribution suggests that they also grew below wave base, in quiet-water 
environments. It is significant that localized toppling of Conophytons has occurred at 
certain horizons (Figure 5.4).  The evidence that the structures retain their form after 
toppling, together with the fact that the resulting deposits also include 
penecontemporaneous breccias containing clasts of lithified Conophytons, demonstrates 
that organo-mineralisation of the structures occurred as they were growing, and they 
were completely rigid and strong forms when they were disrupted.  
 
	  
	  
Figure 5.5   Vologdin’s impression of a living field of Conophyton lituus on a 
Proterozoic sea-bed.   Vologdin proposed to rename the form Tschichatschevia 
lituus in honour of Pyotr Aleksandrovich Chikhachov who he claimed was the first 
to recognize Stromatolites (Tchihatcheff, 1845). Reproduced with modification from 
Vologdin (1962). 
 
 
5.4 Morphogenesis 
What process formed these tall, steep rigid cones? This is an important question, 
since at certain times during the Proterozoic, these forms dominated some relatively 
deep, tranquil areas of the sea floor, forming monotonous fields that extended for 
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hundreds of kilometres (Figure 5.5).  Vologdin (1962) thought of Conophyton as a form 
of marine alga. He suggested that “It is possible that the group of seaweed. favoured .. 
the formation of stromatolites with a narrow-conical form, similar to the rostrums of 
belemnites, …..It is necessary to concede the possibility of the existence of a group of 
algae, of which almost no record of the cellular structure is preserved in extractable 
state, in which there was a characteristic mass formation of mucus-like compounds 
capable of sliding along an inclined substrate surface uphill until the highest point was 
reached, partly smearing along the way. This can be said from the form and size of 
fossilized clots of mucus, their position in the composition of elemental layering and 
frequently observed squashing of the clots in the upper points of the layers”.  
As no comparable occurrences occur on modern sea floors, it may be concluded that 
this remarkable ecosystem could only have flourished in the absence of biological 
diversity.  Hence, the small coniform mats that are found in environments with 
restricted ecosystems such as peritidal, lacustrine and hot-spring environments have 
been studied in search of clues for their morphogenesis of their ancient, giant 
morphological relative, Conophyton. 
 
	  	  
Figure	  5.6	  	  Synopsis	  of	  Walter’s	  model	  for	  the	  morphogenesis	  of	  	  Yellowstone	  silicified	  Conophyton	  weedii.	  	  Modified	  from	  Figure	  36	  in	  Walter	  et	  al.	  (1976)	  –	  refer	  to	  the	  original	  for	  details.	  	  
 
Perhaps the most cited model for Conophyton morphogenesis is that proposed by 
Walter et al. (1976) to explain the origin of the conical stromatolite Conophyton weedii 
in Yellowstone National Park. He proposed that the form was produced by a five-step 
morphogenetic sequence  (Figure 5.6). The initial step involved the accentuation of 
tangled knots of filaments that developed on smooth mats as a result of filament gliding, 
and that this perturbation became gradually exaggerated until a cone formed.  Walter et 	  
	  	   87	  
 
 
al. (1976) noted that “silicification occurs continually during the growth process”, 
though the effects of this on the process of morphogenesis were not specified. This 
morphogenetic model does not account for the regular spacing of cones that is typically 
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observed, and Donaldson (1976) considered that the material described by Walter et al. 
(1976) from Yellowstone did not provide “an adequate environmental analogue for 
beds of laterally linked Conophytons that can be traced for hundreds of kilometres”.   
Bosak et al (2010) expanded on the Walter et al. (1976) analysis of the 
Yellowstone structures by undertaking laboratory experiments that involved cone-
forming microbial communities cultured from samples taken from ponds in 
Yellowstone National Park similar to the localities studied by Walter et al. (1976).  
They found that the filamentous cyanobacteria generated gas bubbles that became 
trapped in the crestal zones of the coniform laminae, and suggested that his might 
account for the expanded and in places fenestrate character of the axial zones of ancient 
Conophytons (Figure 5.7) (Komar et al., 1965a,b). Flannery and Walter (2012) found 
this explanation unsatisfactory.  Petroff et al. (2010) considered that competition for 
nutrients helped determine the frequently observed regular spacing between small 
coniform mats in hydrologically quiet environments, as a consequence of nutrients 
being delivered to the mats by diffusion. They even suggested that approximately 
centimeter-scale spacing between vertical structures should record the length of day.  
However, Bosak et al. (2013) pointed out that this mechanism does not explain the size 
or the spacing between large cones of the Late Proterozoic, which grew in relatively 
deep environments where mixing destroys strong diffusive gradients in the fluid.  
Hence, although these models and experiments have aroused interest (Mei and Gao 
2015) actually they add very little to assist our understanding of the origin of the 
magnificent Proterozoic Conophytons. 
Batchelor et al. (2004) proposed a mathematical model for the biotic morphogenesis 
of coniform stromatolites. It was found that a combination of vertical phototropic or 
phototactic microbial growth with surface-normal mineral accretion could produce 
coniform forms and structures, some of which show striking similarity to Conophytons 
in the 1.7 Ga Dungaminnie Formation in the Northern Territory, Australia.  (Figure 
5.8). If Conophytons formed in this way, then they were the product of a simple but 
effective growth strategy involving a relatively homogeneous, extensive benthic 
microbial community that would be extremely vulnerable to predation and competition 
(Lowe, 1994). Thus, this morphogenetic explanation also accounts for the virtual 
disappearance of Conophyton in the Neoproterozoic  (Komar et al., 1965a,b; Krylov 
and Semikhatov, 1976). The demise of Conophytons would have been a logical 
consequence of the evolution of greater biological diversity in the quiet marine 
environments that they had dominated for so long. 
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Figure 5.8  Mathematical modeling of Conophyton laminations with examples from 
the Dunganninie formation. (a) Left – model of the evolution of a longitudinal axial 
section through two contiguous cones. Right -  contiguous Conophytons, the larger 
one is ~ 80 cm tall, (b) Left - transverse section of an evolving model of a parabola 
field (left) and cross sections of a Conophyton field (width image ~ 150 cm).  
Modified from Batchelor et al. (2004) 
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Figure 5.9  Detail of laminae of  a specimen of Conophyton garganicum, 
modified from Figure 5 of Riding (2008). The fabric has been interpreted as a 
“hybrid stromatolite” (i.e. composed of alternating laminae of biotic and abiotic 
origin). In this case, there is alternation of submillimetric layers of fine-grained 
lithified microbial mat and light-coloured, essentially abiogenic sparry layers. 
The discontinuity and textural variation in the light layers suggest that these are 
better interpreted as evidence for carbonate precipitation within the original 
primary dark laminations. Specimen from the Middle Riphean (approximately 
the Stenian of the International Commission on Stratigraphy, 1200 – 1000 Ma: 
Cohen et al., 2013) of the former USSR, stratigraphic unit and locality not 
known, and donated to Geological Survey of Canada by M.A. Semikhatov. 
Photograph: Hans Hofmann. Width of view 8 mm. 
	  
	  
5.5  Mineralisation of Conophyton 
The fact that Conophytons could attain sizes up to 10 m. tall clearly requires that 
they grew by the accumulation of strong rigid layers (Figure 5.1).  The preserved 
integrity of the toppled Conophytons of Mauritania is firm evidence that they became 
mineralised while their microbial communities were creating them. The majority of 
fossil Conophytons are composed of dolomite. The remains of the microbial 
communities responsible for their construction are rarely found, but when they are, it is 
often in silicified areas within the Conophyton (e.g., Schopf and Sovietov, 1976; Cao et 
al., 2001).   Komar et al. (1965) classified the microstructure of the various layers found 
in different Conophytons into three types: (i) ribboned, (ii)  dashed and (iii) clotted. It 
has already been noted that Donaldson (1976) regarded these textures as of diagenetic 
origin, consistent with Maslov’s observation that the microscopical structure of 
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Conophyton was almost always obscured by a high degree of recrystallization. As 
mentioned above, Maslov  (1938) also noted that the holotype contained significant 
amounts of argillacous material that served to preserve microstructure, and that some 
lenticular carbonate bodies in Conophyton laminae were darker at their centre due to 
clay inclusions. Maslov concluded that the structures grew  “in a shallow sea that 
abounded in argillaceous ooze”, with fine colloidal material suspended in the water.  
However, the lack of fine detrital sediment in intercolumnar areas clearly indicates that 
Conophytons generally grew in clear, quiet waters free of suspended sediment. It is 
more likely that the argillaceous material precipitated because the Conophyton 
microbiota created favourable local conditions, and inclusions of such clay within 
nodules of carbonate suggest that the clay tended to predate the carbonate, as deduced 
for the thrombolites of the present study (See Chapter 2).   
Bartley et al. (2015) thought that Conophytons were best explained by “by the 
upward growth of motile filaments and the rapid lithification of microbial laminae”. 
Indeed, Riding (2011) reviewed the theory that the uniformly spaced lamination in some 
Conophytons is a result of alternating submillimetric layers of fine-grained lithified 
microbial mat and and light-coloured, essentially abiogenic, sparry layers.  He therefore 
referred to them as “Hybrid Stromatolites” (Figure 5.9).  Petroff et al. (2010) suggested 
that conical stromatolites form when carbonate minerals precipitate beneath a living 
microbial mat covering the cone surface. They considered this mineral precipitation to 
be limited by diffusion of mineralising ions through the microbial mat, and therefore 
that the rate of precipitation would be faster in regions of high curvature.  
However, these processes cannot of themselves account for the morphogenesis of tall 
rigid Conophytons. Here, a radical new explanation is proposed to account for their 
growth.  It seems likely that syngenetic mineralisation of the Conophyton-building 
microbial community occurred through a process similar to that reported in Chapter 4, 
whereby coniform benthic microbial mats are transformed into coniform lithified cones 
through early permineralisation of microbial organic matter by a magnesium silicate 
phase.  The Mg silicate first coated and permineralised the microbial web very soon 
after the growth of the microbial material and which was rapidly entombed as a 
consequence. The mineralised web was then able to coalesce into a uniform mass. This 
process would impart significant mechanical strength to the cones. The evidence for a 
former Mg silicate phase is provided by the high argillaceous content of the type 
specimen of Conophyton, the fact that `fossil micro-organisms are frequently preserved 
in siliceous material, and the frequent occurrence of silicified Conophytons. Carbonate 
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crystal growth would then have overprinted much of this initial texture. Evidence of this 
can be seen in Figures 5.3 and 5.9.   If the carbonate overprinting extended through the 
whole structure, as may have frequently been the case, it would leave only small 
remaining areas of the Mg silicate phase or obliterate it entirely. The Proterozoic 
Conophyton could plausibly be constructed in a tranquil environment by the accretion 
of microbial mats that were syngenetically permineralised by smectite. This mode of 
accretion compares to the use of formwork in the construction of concrete buildings, 
and might also account for the structures and textures of the tent-shaped cuspate 
microbialites described by Bartley et al. (2015) from a facies deposited in deeper water 
than the contemporaneous Conophytons of the Dismal Lakes Group of Arctic Canada, 
and, like the Conophytons, they are characterised by the upward growth of motile 
filaments and the rapid lithification of microbial laminae.   
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Chapter 6  DISCUSSION AND CONCLUSIONS 
 
 
 6.1 Introduction 
This chapter explores five consequences of our discovery of Mg silicate-
mineralised microbialites in Lakes Clifton and Preston.  The first considers the evidence 
for the relationship between Mg silicate organomineralisation and the biological 
processes of the benthic microbial community undergoing mineralisation. The second 
discusses whether the dominant minerals of some “microbialites” that are composed 
mainly of apparently abiotic crystalline carbonate are largely secondary, with carbonate 
crystal growth obliterating evidence of organomineralisation by a precursor Mg silicate 
phase. Thirdly, the implications of the present study are considered for the 
understanding of the supposed “microbialites” in the Cretaceous pre-salt sequences of 
the proto-Atlantic rift.  Fourthly, the continuing applicability of the “microbialite” 
concept as proposed by Burne and Moore (1987) is discussed. Finally the possible 
implications of this work for clarifying the evidence for the earliest remains of life in 
the Archean Apex Chert.  
 
6.2 The processes leading to Mg silicate organomineralisation  
It seems clear that early magnesium silicate mineralisation of the microbilites of 
Lake Clifton and Lake Preston is not related to the autotrophic processes of the benthic 
microbial community (BMC) but rather is a product of a high-pH environment low in 
Dissolved Inorganic Carbon (DIC) within a buried BMC undergoing either 
heterotrophic decomposition (Arp, 1999; Arp et al., 2003; Decho, 2000, Dupraz, 1999) 
or organomineralisation of remnant organic frameworks (Trichet and Défarge (1995). It 
seems that, in such an  environment, the continuing decomposition of the microbial 
biomass will eventually increase DIC abundance to a point where the magnesium 
silicate phases would be replaced by aragonite or high magnesium calcite.  There have 
been numerous reports of Mg silicates associated with microbes, including; replacing 
diatoms in Bolivian Altiplano saline lakes (Badaut and Risacher, 1983); forming in 
buried microbial mats in the sabkha of Abu Dhabi (Bontognali et al., 2010); forming 
around microbial cells in a lake in British Columbia (Douglas and Beveridge, 1998); 
permineralising ooids in Lake Geneva prior to their calcification (Pacton et al., 2012); 
and coating bacterial filaments in tufa mounds in Big Soda lake, Nevada (Rosen et al., 
2004).  Mg silicates had previously been recognized as components in the 
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mineralisation of microbialites in Lake Clifton (Pache-Caselmann, 2005; Wacey et al., 
2010); in carbonate deposits of deposits hot springs in Yunnan China (Jones and Peng, 
2014); in mineralised endolithic bacterial communities in sand tufas around Mono Lake 
(Souza-Egipsy et al., 2005); in microbialites in Satonda Crater Lake, Indonesia 
(Kazmierczak and Kempe, 2004; Arp et al ., 2003); in microbialites in basaltic sea caves 
at Kauai, Hawaii (Léveillé et al., 2000a); in microbialites in Lake Van, Turkey (Kempe 
et al., 1991; López-García et al., 2005); and as a talc-like mineral in microbialites of 
Lake Alchichica (Saghai et al., 2015). 
Bontognali et al. (2014) conducted laboratory experiments using organic 
molecules commonly produced by microbes and which possibly promote mineral 
nucleation.  They found that smectites formed in the presence of succinic acid and that 
the Mg-rich smectites had a similar composition to stevensite. They concluded that, as 
“succinic acid is commonly produced by aerobic microbes as intermediate product of 
the tricarboxylic acid cycle…. this biological degradation process might promote the 
formation of authigenic smectites in a large variety of natural environments”. They 
suggested that some smectites present in ancient sedimentary rocks “might have formed 
through a microbially influenced mineralisation process similar to that simulated in 
their experiments”.   
Burne et al. (2014a) were the first to document this process in a modern 
environment when they described the extensive Mg silicate permineralisation of 
microbial mats in Lake Clifton, Western Australia. In this case stevensite forms the 
initial inorganic phase that provided a rigid framework for significant microbialite 
accretion.  Burne and Moore (1987) had originally recognized aragonite crystals 
nucleating on cyanobacterial filaments in the diatom rich living mats associated with the 
thrombolites of Lake Clifton and had assumed that this carbonate was biogenic, 
occurring as a by-product of photosynthesis in the mats (Moore and Burne, 1994).  
Beneath the surface layer, the character of the buried microbial material is quite 
different.  Diatoms are no longer present, except for rare corroded examples.  
Cyanobacterial cells and filaments progressively disappear, though their filament 
sheaths and EPS remain as subfossil structures permineralised by Mg silicate.  The 
presence of Mg silicate “spots” (micron-scale spheroids) suggests that small microbes 
such as sulphur bacteria or even possibly viruses are also permineralised.   These 
observations support the suggestion of Bontognali et al. (2014) that authigenic silica 
minerals appear to be unrelated to microbial metabolic processes.  However, 
Kazmierczack et al, (2015) reported nanograins of magnesium silicate as an occasional 
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admixture in high-Mg calcite precipitates in the mucilage of living cyanobacterial 
layers. Souza-Egipsy et al. (2005) suggested that saprogenic processes were involved in 
the formation of Mg silicates on microorganisms in endolithic microbialites of Mono 
Lake. Léveillé et al. (2000b) suggested that, in microbialites in Hawaiian basaltic sea 
caves, degradation and dehydration of a polysaccharide-rich matrix within microbial 
mats could produce a precursor gel, which ultimately developed into poorly crystalline 
kerolite, possibly with extracellular polymers helping nucleation.  Iniesto et al. 
(2015a,b) reported the formation of an authigenic poorly-crystalline Mg silicate phase, 
corresponding closely in composition to stevensite or kerolite, as products of the decay 
of fish carcasses in the presence of a microbial mat during a long-term (few years) 
experiment. Zeyen et al. (2015) describe microbialites from three Mexican crater lakes 
that bear a strong resemblance to those of lake Clifton. These Mexican microbialites are 
composed of a diversity of mineral phases including aragonite (and sometimes also 
calcite), hydromagnesite, and a poorly crystalline hydrated silicate phase similar to 
kerolite. It was unclear whether Mg silicate precipitation occurred while 
microorganisms were alive or after they died, but there was a systematic intimate 
association between Mg silicate (kerolite) and organic carbon, possibly the remains of 
extracellular polymeric substances (EPS) and/or by-products of cell degradation.  
As in Lake Clifton, patches of Ca-carbonates (mainly aragonite) are consistently 
observed growing in the Mg-silicate matrix. Some remnants of cells persist in formed 
directly as primary phases in these Mexican microbialites and not as replacements of 
Mg-silicates. The Mexican examples show clearer evidence of diatom frustules being 
directly replaced by Mg silicate than is observed in Lake Clifton. 
It can be concluded that, while smectite aggregates are present in some living 
mats in Lake Clifton, the majority of observations from diverse localities suggest that 
Mg silicate organomineralisation of microbial material is dominantly through processes 
of saprogenic organomineralisation. These findings endorse the prediction of 
Bontognali et al. (2014) that palaeoenvironmental reconstructions “based on purely 
physicochemical and thermodynamic modeling may need to be revised by adding an 
important microbial factor” whereby “ecological conditions lead to the production and 
concentration of specific organic compounds that, in turn, promote the nucleation of 
specific authigenic clays.”  
 A definitive analysis is clearly required to identify the biogeochemical 
pathways leading to mineral replacement as a consequence of the metabolic functions of 
autotrophs and heterotrophs within biofilms and the controls these processes exert over 
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solution chemistry 
6.3 The evolution of fabric in supposedly “abiotic” microbialites 
 Aragonite occurs within surface biofilms of thrombolites in Lake Clifton (Moore 
and Burne 1994), but as a result of a relatively late phase of mineralisation. It is the Mg 
silicate, stevensite, that first establishes the structural rigidity of the thrombolites.  Later 
growth of aragonite overprints the stevensite and obscures evidence of the former 
microbial structure.  In Lake Preston, this process is more extensive, and in places 
completely obliterates the evidence of the initial microbial community.  Souza-Egipsy 
et al. (2005) described a similar paragenetic sequence for the lithification of endolithic 
microbial communities in Mono Lake, California.  Several workers have suggested 
that the carbonates of microbialites could be of abiotic origin. Grotzinger and Reed 
(1983) suggested that botryoidal aragonite in tepee structures and seafloor cement fans, 
and cement crusts in cryptalgal tufa were sea-floor cements.  Grotzinger and Rothman 
(1996) proposed an abiotic model for stromatolite morphogenesis that would explain 
the stromatolite-like morphology of some of these features. However, Batchelor et al. 
(2005) demonstrated that their proposed abiotic model was based on an 
oversimplification. Grotzinger and Knoll (1999) suggested that laboratory-based 
investigations might reveal whether a given stromatolite is largely biogenic or 
abiogenic.  Riding (2008) suggested that hybrid stromatolites were composed of 
alternating laminations of biogenic and abiogenic origin.  Burne et al. (2014a) suggested 
that the process of secondary carbonate mineralisation overprinting evidence of a 
microbial origin might provide an explanation for the many ancient microbialite 
carbonates that now lack clear evidence for biogenicity. Zeyen et al. (2015) described 
Mexican microbialites that still retained traces of microbial material despite being well 
calcified, somewhat similar to the cases of the microbialites of Lakes Clifton and 
Preston described in the present study.  It is easy to infer in such cases that microbial 
traces might be obliterated with further mineralisation and diagenetic alteration of the 
carbonate phase.  In fact, herringbone calcite, described by Sumner and Grotzinger 
(1996) as an abiotic sea floor precipitate, has been found as late cement within the deep-
water microbialites of the Dismal Lakes Group, Canada (Bartley et al., 2014; their 
Figure 7).  Nevertheless, Riding (2008) suggested that “Precambrian stromatolites 
basically consist of one or both of two components: fine-grained carbonate and sparry 
carbonate”. He continued, “Comparisons with present-day analogues suggest that fine-
grained crust is lithified microbial mat, and that sparry crust is essentially abiogenic” 
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and went on to conclude “Precambrian stromatolites generally consist of one of these 
components (Fine-grained Crust, Sparry Crust) or of millimetric alternations of both of 
them – Hybrid Crust” and even added that “The combination of microbial growth and 
abiogenic precipitation in Hybrid Crusts may have promoted rapid accretion”.  Our 
evidence from the Yalgorup Lakes clearly shows that sparry carbonate can develop 
authigenically from a microbially influenced mineral precursor, so while the crust itself 
may be strictly abiotic, it can replace a previously existing biotic substrate that provided 
favourable nucleation sites for carbonate minerals.  As demonstrated in the last chapter, 
so-called “hybrid structures” may in fact be the result of secondary carbonate replacing 
selected elements of a primary laminated structure. 
6.4   Relevance to the Cretaceous pre-salt of the proto-Atlantic  
The work described in this thesis has implications for understanding the 
extensive hydrocarbon accumulations in carbonate reservoirs described as 
“microbialites” associated with “talc-stevensite” deposits in palaeo-lacustrine 
environments in pre-salt proto-Atlantic sag and rift basins offshore of 
Brazil (Carminatti et al., 2008; Carminatti et al., 2009; Henry, 2009; Beasley et al., 
2010; Corrêa, 2012), and Angola (Wasson et al., 2012; Cazier et al., 2014) have given 
fresh impetus to research into microbialites. These highly prospective Cretaceous basins 
formed during separation of Africa and South America in the Neocomiam, Barremian 
and early Aptian (Reston, 2009).  
Interpretations of the depositional environments of these reservoirs initially 
involved comparison with the most famous modern occurrence of microbialites that are 
found in the hypersaline marine basin of Hamelin Pool (Figure 2), in Shark Bay, 
Western Australia (Corrêa, 2012; Jahnert and Collins, 2012). However Dorobeck et al. 
(2012) concluded that microbes may not have been essential for mediating carbonate 
precipitation in some pre-salt reservoirs, the carbonates of which were actually formed 
from primary aragonite and dolomite precipitated both on the floor of the pre-salt lakes, 
as well as within previously deposited sediment by displacive crystal growth.  
Nevertheless Cazier et al. (2014) clearly show that the Cameia Mound reservoir of the 
pre-salt Kwanza Basin offshore of Angola is a microbial boundstone composed of a 
mosaic of chert, limestone and dolomite.  They illustrate a beautiful specimen in which 
a silicified microbial web has been in places overprinted by mineral growth (top left 
panel in their Figure 5). 
The extensive experience of petroleum exploration worldwide has led to the 
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establishment of knowledge bases that draws on the amassed information from 
sedimentological analogues to model likely distributions and characteristics of reservoir 
lithologies in a prospective basin (e.g. Dewever, 2012; Griffiths et al., 2012). Wright 
(2012) has suggested that facies models for lacustrine carbonates do not currently 
incorporate the diversity of microbialite carbonate development necessary to support 
these models.  Awramik and Buchheim (2012) went further when they concluded that 
“The search for suitable modern analogues to large, pre-salt, lacustrine microbial 
carbonate reservoirs leads us to what we call ‘the curse of the living dead’: There are 
none!” 
Wright and Barnett (2015) were unconvinced that many of the pre-salt reservoir 
carbonates were microbialites, and suggested an alternative abiotic model for the 
development of textures found in some of these rocks. They observed“There are so 
many unknowns regarding these economically important and scientifically challenging 
carbonates that they warrant a concerted and integrated approach across a range of 
subdisciplines. Here we are only able to offer suggestions relating to the unusual 
textures dominating the formation. The case for applying the label ‘microbialite’ to 
these carbonates requires thorough justification, and invoking facies models based on 
modern and ancient microbialite analogues to understand them may be misplaced.”
They particularly mentioned that “Invoking calcite growth in and interference by Mg-
silicates, now largely removed, is a non- actualistic model lacking any analogues” 
although elsewhere, Wright concluded that “lakes can produce Mg-silicates, which may 
be induced by microbial activity, and can be associated with unusual forms of calcite 
including spherulites”.    
Descriptions of Brazilian pre-salt reservoir lithologies (Terra et al., 2010) clearly 
show that Hamelin Pool does not provide appropriate analogues for most pre-salt 
reservoirs, but reveal many parallels with non-marine lacustrine microbialites forming 
in Australian lakes. In this thesis it has been demonstrated that stevensite forms the first 
rigid organomineralisation of thrombolitic microbialites in Lake Clifton and that only 
later are the secondarily mineralised by aragonite.  Importantly, some of the cavities of 
these structures appear to be the result of debridement of a fragile stevensite-
mineralised microbial web during mineralisation (Figure 3.17), rather than being due to 
metazoan interactions. In Lake Preston, extensive carbonate pavements have formed 
from the initial mineralisation of a microbial community by amorphous magnesium 
silicate that is then almost entirely replaced by aragonite and later high-magnesium 
calcite, obliterating the virtually all evidence of the original microbial fabric in the 
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process. The Yalgorup Lakes clearly do not provide a complete analogue for the great 
variety of carbonate and ‘talc-stevensite” facies of the pre-salt, but they certainly 
advance our understanding of some aspects of their formation.    
  
Figure 6.1  Microbialite pinnacles growing from the wall of Blue Lake Maar, Mount 
Gambier. Photo: Craig Howell 
 
It is becoming clear that other insights into the possible origins of pre-salt carbonates 
will be gained from research now in progress on very different Australian occurrences 
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of modern microbial carbonates.  Spectacular microbialites (Figures 6.1) are found in 
alkaline lakes in a crater of extinct volcano at Mount Gambier South Australia (Burne et 
al., 2015).  Similar structures (Figure 6.2) are found in water-filled cenotes in the 
vicinity of Mount Gambier (Thurgate, 1996).  A very different environment of in which 
complex carbonates form with micro-speleothemic structures, pisolites and 
cryptomicrobial structures (Figure 6.3), are found associated with springs in the 
peritidal zone of Fisherman Bay, South Australia (Ferguson et al., 1982) and in the 
widely distributed mound springs of the Lake Eyre Basin (Keppel, 2013).  This basin 
lies 15 metres below sea level, and the formation of carbonate mounds from artesian-fed 
springs might represent a currently unexplored analogue for aspects of the lithology and 
palaeogeographic setting of some of the pre-salt reservoirs. These studies will bring  
 
 
Figure 6.2 Vuggy interior of a pinnacle microbialite from Black Hole Cenote, South 
Australia. 
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Figure 6.3  Micro-speleothem structures developed in peritidal carbonates by 
erosion and deposition from water of a carbonate-depositing spring.  Features of 
both microbial and abiogenic mineralisation are present.  Modern supratidal spring, 
Fisherman Bay, South Australia. 
us closer to answering the key question of the relative roles of biogenic versus 
abiogenic mineralisation in microbialites and travertine deposits. 
6.5  Implications for the “Microbialite Concept”                                                                    
 Burne and Moore (1987) defined microbialites as “organosedimentary deposits that 
have accreted as a result of a benthic microbial community trapping and binding 
detrital; sediment and/or forming the locus of mineral precipitation”.  One microbial 
influence not encompassed by this definition is the role of microbes in bioerosion. The 
investigations presented here show the “microbialite” concept needs to embrace the 
organomineralisation of microbialites by magnesium silicates, however this does not 
require an amendment to definition of Burne and Moore, which is general enough to 
accommodate this style of mineralisation, since it does not identify particular mineral 
compositions, or require roles for the original microbial community more specific than 
“forming a locus of mineral precipitation”.  However, the observations and deductions 
of the present study emphasize that mineral precipitation may progress through a 
sequence of stages, resulting in progressive change of microbialite bulk composition 
and microstructure.  Thus, the paragenesis can evolve from a stage dominated by 
	  	   102	  
autotrophy through a saprogenic stage dominated by heterotrophy and/or biologically 
influenced mineralisation (in the sense of Dupraz et al. 2009) to a diagenetic stage.  
From this perspective, the ternary diagram proposed by Riding (2008, his Figure 5) 
which presents microbialite variability as a static spectrum of possible combinations of 
allochthonous grains, lithified microbial mats and abiogenic sparry crusts, misses an 
important temporal dimension.  Five catagories of microbialite have been proposed, viz. 
stromatolites (Kalkowsky, 1908); thrombolites (Aitken, 1967);  dendrolites (Riding, 
1988); leiolites (Braga et al., 1995) and “microbially influenced sedimentary structures” 
(MISS: Noffke et al., 2001). Rather than viewing microbialites through classifications 
of fabrics, textures or mineralogy (e.g. Riding, 1988), it is better to view them from a 
perspective of a complex and evolving transformation of a microbial ecosystem into 
remarkable organosedimentary structures of fundamental importance in the history of 
ecosystems. 
6.6  Clarifying the evidence for the earliest remains of life   
The research reported in this thesis has produced the significant discovery that modern 
thrombolitic microbialites in Lake Clifton, Western Australia, gain their initial 
structural rigidity from biofilm mineralisation by the trioctahedral smectite mineral 
stevensite (Burne et al. 2014a). This Mg silicate nucleates in and around microbial 
filament walls when biological processes suppress carbon and Ca activities, leaving Mg 
to bind with silica and form a microporous framework that replaces and infills the 
filament web. After microbial materials are entombed, local carbon and Ca activities 
rise sufficiently for aragonite microcrystals to grow within the stevensite matrix and 
perhaps replace it entirely, with eradication of biogenic textural features. This may 
explain why many ancient microbialite carbonates lack clear evidence for biogenicity. 
Kremer et al. (2012) came to similar conclusions in their study of the roles of 
silicification and calcification of cyanobacteria in Tongan Caldera lakes. They found 
that “aragonite permineralisation, almost as a rule, negatively affects the quality and 
quantity of preserved organic matter” whereas “silicification begins with the 
precipitation of amorphous nanospheres of silica (opal and chalcedony) that are always 
associated with organic components of cyanobacteria (cell walls, trichomes, mucilage 
sheaths)”. They considered the silicification of Archean cherts which they suggested 
“could be primary (i.e., without an earlier calcareous stage), but may have occurred at 
a time when the microbial cellular structures had already undergone significant 
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degradation”.  We suggest that the cherts in question might have had a primary Mg 
silicate rather then a calcareous precursor.   
Wacey et al. (2015) have claimed that the putative microfossils from the 3.46 
billion year old Apex Chert of Western Australia that have been considered to represent 
the oldest evidence of cellular life (Schopf 1993) are instead actually mineral artifacts. 
They support this claim with the evidence that the so-called microfossils consist of  
“filaments (that) comprise chains of potassium-and barium-rich phyllosilicates, 
interleaved with carbon, minor quartz and iron oxides. Morphological features 
previously cited as evidence for cell compartments and dividing cells are shown to be 
carbon-coated stacks of phyllosilicate crystals”.  On the basis of our studies of the role 
of magnesium silicates in the early organomineralisation of microbialites it is suggested 
that an alternative interpretation for the controversial “microfossils” of the Apex Chert 
might equally be that they provide evidence of phyllosilicate permineralisation of 
microbial material that has resulted in the fossil preservation of the earliest evidence of 
life.  Thus, mineralogy is an ambiguous indicator of the biogenicity of these fascinating 
structures within the Apex Chert like morphology, as has also been noted in the case of 
their morphology (García Ruiz et al., 2002).  
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